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Summary
In marine surface sediments, water column-derived organic matter is readily remineralized 
by heterotrophic benthic microorganisms (Bacteria and Archaea). Particularly relevant for the 
degradation of water column-derived organic matter are microbial communities in subtidal, 
i.e. constantly submerged, sandy, permeable sediments. Despite their importance, little is 
known about the microbial communities inhabiting such sediments. The aims of this thesis 
were, therefore, the identification of the microbial diversity and community structure, 
estimations of specific bacterial abundances and the analysis whether sediment permeability 
and tight coupling with the water column influences benthic communities. 
In chapter I, I analyzed the bacterial communities in sediments of different permeability 
and compared those to the corresponding communities in the overlying bottom waters. 
Sediment and bottom water communities were different. The sediment communities were 
significantly shaped by sediment permeability, e.g. with respect to the abundances of 
Flavobacteriaceae, Desulfobacteraceae and Acidobacteria. Planctomycetes were abundant 
(8-22% of all cells) and diverse in all sediments, suggesting a key role in carbon cycling in 
surface sediments. 
In chapter II the microbial community was addressed directly in its microhabitat of 
individual sand grains. The colonization was very heterogeneous. Despite only 4% of the 
grain’s’ surface to be colonized, individual grains harbored up to 105 cells. The species 
diversity on an individual sand grain accounted for 27% to 41% of the total diversity found in 
bulk sediments. This phylogenetically diverse community likely includes diverse 
physiologies, enabling so far overlooked cell - cell interactions potentially shaping element 
cycling and the microbial ecology of sandy surface sediments. 
The metatranscriptomic analysis of benthic communities in chapter III revealed high 
functional and taxonomic stability during a spring phytoplankton bloom. Planctomycetes were 
among the most active heterotrophic clades, supporting their involvement in complex organic 
matter degradation. These findings are in stark contrast to dynamics of the bacterioplankton 
during spring phytoplankton blooms. 
In chapter IV two topics were addressed. After percolation of sediment-filled flow through 
cores with sea water, 20% of the bacterioplankton was retained in the sediment. Nevertheless, 
contribution of the planktonic community to the benthic community was low. The influence 
of a simulated algal bloom on the metabolic activity of benthic organisms was immediate and 
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strong. This suggests that the benthic community is likely adapted to the transient availability 
of fresh and labile water column-derived organic matter. 
Combining the insights obtained in this thesis will allow for targeted studies on key clades 
to specifically identify cellular processes contributing to the high organic matter turnover 
known for sandy permeable surface sediments. 
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Zusammenfassung
Ein Großteil des aus der Wassersäule in Oberflächensedimente eingebrachten organischen 
Materials wird dort direkt von heterotrophen Mikroorganismen (Bacteria und Archaea) 
remineralisiert. Besonders relevant für diesen Abbau sind subtidale, d.h. ständig unter Wasser 
liegende, sandige, permeable Küstensedimente und deren mikrobielle Gemeinschaften. Trotz 
ihrer globalen Bedeutung sind die benthischen Mikroorganismen in diesen Sedimenten kaum 
erforscht. Ziele dieser Arbeit waren daher, die Diversität und taxonomische 
Zusammensetzung dieser mikrobiellen Gemeinschaften abzuschätzen, Abundanzen zu 
ermitteln und den Einfluss des engen Austauschs mit der Wassersäule auf die Gemeinschaften 
zu untersuchen. 
In Kapitel I wurden die Zusammensetzungen des bakteriellen Teils der Gemeinschaften in 
Sedimenten unterschiedlicher Permeabilität und im Bodenwasser betrachtet. Bodenwasser 
und Sedimente unterschieden sich dabei signifikant. Die Sedimentpermeabilität korrelierte 
positiv mit den Abundanzen von z.B. Acidobacteria und negative mit den Abundanzen von 
Flavobacteriaceae und Desulfobacteraceae. Im Gegenteil dazu waren Planctomycetes mit 
Anteilen von 8-22% aller Zellen immer häufig. Dies und die hohe Diversität in dieser Gruppe 
deuten auf eine Schlüsselrolle im Kohlenstoffkreislauf sandiger Oberflächensedimente hin.  
Benthische Mikroorganismen siedeln auf Sandkörnern. In Kapitel II wurden daher einzelne 
Sandkörner als das eigentliche Habitat von benthischen Mikroorganismen betrachtet. Diese 
Besiedlung ist sehr heterogen. Obwohl im Schnitt nur 4% der Sandkornfläche besiedelt sind, 
leben bis zu 105 Mikroorganismen auf einem einzelnen Sandkorn. Auf 17 untersuchten 
Sandkörnern fand sich eine Diversität, die zwischen 27% und 41% der Diversität im 
Gesamtsediment lag. Die Nähe einzelner Zellen zueinander ermöglicht einen bisher kaum 
erforschten Stoffaustausch zwischen den Zellen, welcher höchstwahrscheinlich die 
mikrobielle Ökologie in sandigen Sedimenten mitgestaltet. 
Metatranskriptomische Untersuchungen in Kapitel III zeigten, dass die Aktivität und die 
taxonomische Zusammensetzung der benthischen Mikroorganismen während einer 
Frühjahrsalgenblüte stabil blieben. Planctomycetes gehörten zu den aktivsten heterotrophen 
Mikroorganismen, was auf eine wichtige Rolle im Abbau von organischem Material hinweist. 
Diese hohe Stabilität unterscheidet benthische Gemeinschafen deutlich von den sich während 
einer Frühjahrsblüte dynamisch in ihrer taxonomischen Zusammensetzung und funktionellen 
Ausstattung verändernden Gemeinschaften in der Wassersäule. 
In Kapitel IV wurden zwei Fragestellungen erforscht. Es wurde gezeigt, dass während der 
Perkolation von Bodenwasser durch, mit Sediment gefüllte, Durchflusskerne 20% der im 
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Wasser befindlichen Mikroorganismen herausgefiltert wurden. Dennoch war der Anteil der 
planktonischen Organismen an der mikrobiellen Gemeinschaft im Sediment gering. Des 
Weiteren zeigte sich, dass benthische Mikroorganismen sofort frisches organisches Material 
aus der Wassersäule remineralisieren. Sie sind also an die wechselnde Verfügbarkeit von 
organischem Material angepasst. 
Diese Arbeit gibt neue Einblicke in die Zusammensetzung, die Abundanzen und die 
Struktur von bakteriellen Gemeinschaften in sandigen Sedimenten sowie auf die 
Auswirkungen vom Stoffaustausch mit der Wassersäule. Mit dem neuen Wissen um 
bakterielle Schlüsselgruppen in verschiedenen Sedimenten lassen sich zukünftig diese 
Gruppen gezielt mit erweiterten Fragestellungen untersuchen. Dies wird es ermöglichen, 
spezifische zelluläre Prozesse zu identifizieren, welche zum hohen Umsatz von organischem 
Material in sandigen, permeablen Sedimenten beitragen. 
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Abbreviations
AA amino acids 
ANOSIM analysis of similarity 
ASW artificial sea water 
CAZymes carbohydrate active enzymes 
CCP  sampling site ID (‘cross cutting project’) 
DOC dissolved organic carbon 
DOM dissolved organic matter 
EPS extracellular polymeric substances 
FISH  fluorescence in situ hybridization 
FTC flow through core 
GH glycoside hydrolase (family) 
HelRoads sampling site between the islands of Helgoland and Helgoland-Duene 
HMM hidden Markov model 
HMW high molecular weight 
LMW low molecular weight 
mRNA messenger RNA 
NGS next generation sequencing 
NOAH  sampling site ID (‘North Sea Observation and Assessment of Habitats’)  
nt nucleotides 
OM organic matter 
OTU operational taxonomic unit(s) 
PCR polymerase chain reaction 
POM particulate organic matter 
PUL polysaccharide utilization loci 
rRNA ribosomal RNA 
SSG single sand grain(s) 
TEA terminal electron acceptor 
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General Introduction 
Continental shelves and coastal seas 
As part of the global marine environment, continental shelves link the open ocean with the 
continental margins. Continental shelves are defined to comprise the gentle continental slope 
(0.1°) from the coastline to areas located on average 85 km offshore (Wollast, 2003). Globally 
they contribute 7.5% to total ocean surfaces (Wollast, 2003) and are much shallower than the 
remaining oceanic regions. The water depth is on average only 130 m and decreasing towards 
the coastline.  
The hydrodynamics at continental shelves are mainly characterized by wind- and tidal-
driven currents (Wollast, 2003). At the outer continental shelves, currents are limited to the 
upper water column. In contrast, at inner continental shelves, the much shallower water depth 
leads to a direct interaction of the sea floor with water currents. Here, tidal currents are the 
most relevant driving forces of hydrodynamics (Wollast, 2003). 
About 50% to 70% of continental shelf areas are covered by sandy sediments (Emery, 
1968). Sands are mineral grains with median grain sizes ranging between 63 μm and 
2,000 μm. The majority of today's marine sands are glacial terrestrial relicts from the last Ice 
Age when the global sea level was 120 m lower than today. Rivers and glaciers eroded, 
mobilized and transported terrigenous sands to today's continental shelf areas where they 
accumulated. With the rise of the sea level, most of the fine materials were transported into 
deeper water depths leaving behind the heavier sand minerals. Still today, the interaction of 
the water column with the sea floor results in the mobilization and regular resuspension of 
surface sediments. While large and heavy particles, such as sand grains, settle quickly, the 
fine fraction remains suspended in bottom waters. Together with bottom water currents, the 
suspended fine material is transport along the continental slope. When bottom water currents 
get weaker, the suspended material settles. This fine material largely comprises heavily 
weathered mineral material such as silt (<63 μm) and clay (<2 μm). By accumulation of this 
fine material, the so-called mud-belts are formed (McCave, 1972). In addition, fine-grained 
sediments also contribute significantly to total sea bed area on continental shelves, particular 
in river mouths and regions of low current-agitation, such as local crater with greater water 
depths (McCave, 2003). 
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Solute transport processes in continental shelf sediments 
The sediment texture has a direct influence on the sediment permeability that describes the 
ability of water to percolate the sediment pore space by an advective flow (Bear, 1972). It is 
expressed by the SI-unit square meters (m²). The higher the value, the more permeable is the 
sediment. Sediment permeability is primarily influenced by the grain size (Gangi, 1985) and 
packing of the sediment bed (Neumann et al., 2016). In addition, extracellular polymeric 
substances secreted by the microbial community can reduce the sediment permeability 
(Widdows et al., 2000). Sediment permeability ranges from highly permeable with >10-10 m2 
to impermeable with <10-12 m2 (Huettel et al., 2014 and references therein). Depending on the 
permeability, transport processes are dominated by either advection in permeable sediments 
or diffusion in impermeable sediments. Fine-grained impermeable sediments are densely 
packed and thus morphodynamically rather stable. Consequently, the dominant transport 
process of solutes is molecular diffusion. This transport process is driven by concentration 
gradients of the solutes, which are balanced by the random movement of transported solutes. 
The flux of a solute is, therefore, a function of the solutes’ specific and temperature-
dependent diffusion coefficient and the solutes’ concentration gradient. In addition, the solute 
can be consumed, further influencing the concentration and concentration gradient. One 
example for diffusion-mediated solute transport into fine-grained sediments is the transport of 
oxygen. Respiration processes in sediments are orders of magnitude higher than in the water 
column. This creates a concentration gradient that stretches from the source (oxygenated 
bottom water) to the sink (sediment, where oxygen is microbiologically consumed). On μm to 
mm scales molecular diffusion is an efficient transport mechanism while it becomes less 
efficient on scales of cm to m and above (Figure 1). The stable transport processes and 
continuous supply of solutes make impermeable sediments vertically structured with distinct 
zones of biogeochemical cycling (Canfield et al., 2005a).  
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overlying water column and efficiently supplied with solutes, such as oxygen and organic 
matter (Figure 1).  
In both, permeable and impermeable sediments, benthic faunal activities increase the 
exchange rates of oxygenated bottom waters with surface sediments (Aller, 1978; Wenzhöfer 
and Glud, 2004). For example, benthic species build burrows in the sediment, during which 
the sediment is reworked. This process is called bioturbation and results in local intrusions of 
bottom waters into surface sediments. In addition, water percolates the burrows- the so-called 
bioirrigation.  
 
Sources of organic matter in coastal seas 
Many marine microorganisms are organoheterotrophs, using organic matter as both energy 
and carbon source. This organic matter comes largely from photosynthesis in which CO2 is 
fixed by marine microalgae, the phytoplankton. Although they are only a few micrometers in 
size, their high abundance in the world's oceans make them incredibly important as they are 
responsible for nearly half of the world's CO2 fixation (Field et al., 1998). Primary production 
is particularly strong where nutrient concentrations are high. Besides areas of oceanic 
upwelling, where wind-driven lateral currents remove surface water masses, allowing 
nutrient-rich bottom waters masses to upwell, high CO2 fixation rates are found at continental 
shelves. Natural terrestrial wash out and anthropogenic overuse of agricultural fertilizer 
supply high levels of inorganic nutrients (i.e. nitrogen and phosphorus) in coastal areas 
(Brockmann et al., 1990; Richardson, 2013). This can boost strong phytoplankton blooms 
throughout the year (Boon et al., 1998; Gooday, 2002) resulting in a contribution of 20% to 
the globally marine fixed CO2 (Field et al., 1998; Jahnke, 2010). 
 
Degradation of organic matter by planktonic microorganisms 
The diversity, community composition and ecology of the bacterioplankton (e.g. Azam et 
al., 1983; Giovannoni et al., 1990; Carlson et al., 2002; Venter et al., 2004; Pommier et al., 
2007) is well understood. For example, the community composition of the bacterioplankton in 
oligotrophic oceanic regions reflects low available organic carbon. Abundant bacterial 
lineages do not solely depend on energy and carbon supplied by primary production but can 
also use the sunlight as an energy source. For example, alphaproteobacterial lineage SAR11, 
including the well characterized “Candidatus Pelagibacterales” (Giovannoni et al., 1990; 
Rappé et al., 2002), possesses the membrane-bound enzyme proteorhodopsin (Béjà et al., 
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2000). It allows for a sunlight-driven transmembrane relocation of H+ protons for the 
construction of a membrane potential for energy conservation. In addition, SAR11 can 
conserve energy through heterotrophic aerobic respiration (Rappé et al., 2002) by taking up 
dissolved organic matter with ABC-transporters (Giovannoni et al., 2005). Particular under 
nutrient-limited conditions, SAR11 contributes a major part to the total bacterioplankton 
community (Schattenhofer et al., 2009). This makes clade SAR11 the most abundant living 
taxon on the planet. 
Outside oligotrophic regions towards more eutrophic water masses in higher latitudes and 
coastal areas, the composition of the bacterioplankton community changes and 
Gammaproteobacteria and Bacteroidetes are more abundant. In particular members of 
Bacteroidetes are associated with phytoplankton blooms (Kirchman, 2002; Horner-Devine et 
al., 2003; Pinhassi et al., 2004; Gómez-Pereira et al., 2010; Gómez-Pereira et al., 2012) where 
energy-rich organic matter, such as polysaccharides, is abundant. Polysaccharides are 
carbohydrates that are composed of sugar units interlinked via glycosidic bonds. Important 
phytoplankton polysaccharides are, for example, the structural and storage compounds 
fucoidan and laminarin of diatoms (Haug and Myklestad, 1976; Painter, 1983; Alderkamp et 
al., 2007).  
The size and complexity of polysaccharides require their extracellular binding and 
depolymerization, transport over the outer membrane and further degradation inside the cell. 
The depolymerization requires glycoside hydrolases which are specific for glycosidic 
linkages. The presence of specific glycoside hydrolases in particular microbial clades 
indicates the utilization of specific classes of polysaccharides (Kabisch et al., 2014; Xing et 
al., 2015; Hemsworth et al., 2016). In Bacteroidetes, many of the genes encoding these are co-
localized in operon-like genomic islands called polysaccharide utilization loci (PUL, Bjursell 
et al., 2006). Thereby, hypotheses on their ecological roles in polysaccharide degradation can 
be inferred (Teeling et al., 2016). For some PULs, accessory enzymes, such as sulfatases for 
the cleavage of sulfate groups have also been reported. The operon-like arrangement of PULs 
allows for the substrate-induced activation and transcription of the entire enzymatic 
machinery for a quick and efficient degradation of the sensed substrate (Kabisch et al., 2014; 
Xing et al., 2015). 
In the past years, phytoplankton blooms have become a popular natural phenomenon to 
study the bacterioplankton dynamics and its involvement in organic carbon remineralization 
(e.g. Teeling et al., 2012; Buchan et al., 2014; Klindworth et al., 2014b; Teeling et al., 2016). 
Coastal phytoplankton spring blooms, in particular, serve as a natural “laboratory”. The in situ 
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experimental conditions provide a winter situation with low nutrient availability and low 
bacterioplankton metabolic activity followed by a strong pulse of available organic matter 
caused by phytoplankton blooms. The effects of labile organic matter on the bacterioplankton 
can, therefore, directly be linked to changes in the bacterioplankton abundance and 
community structure. These links have been extensively studied in the southern North Sea. 
With the sudden availability of fresh algal material, distinct genera of the Flavobacteriia 
(Bacteroidetes) and Gammaproteobacteria substitute clade SAR11 as major players and 
bloom successively, reaching cellular abundances of up to 30% (Teeling et al., 2012; Teeling 
et al., 2016). These successive and distinctive blooming pattern was reoccurring for four 
consecutive years (Teeling et al., 2016). Using metagenomics, Flavobacteriia were shown to 
possess PULs specifically for algal storage and structural polysaccharides released into the 
water column, explaining their dominance during spring phytoplankton blooms.  
By incorporating dissolved organic matter into microbial biomass, it is available for 
planktonic grazers. Grazers excrete nutrients, particulate organic material (POM) and 
dissolved organic material (DOM), which then again is incorporated into algal and microbial 
biomass. This channeling of matter within the water column was coined “microbial loop” 
(Azam et al., 1983; Fenchel, 2008). Taken together, we have gained a profound understanding 
of the bacterioplankton community composition, major players and their involvement in the 
degradation of complex organic matter. 
 
Sources of organic matter for continental shelf sediments 
While deep-sea sediments receive only 1% to 10% of the organic carbon fixed in the water 
column (Klages et al., 2004; Jørgensen and Boetius, 2007), the much shallower continental 
shelf sediments receive 20% to 50% (Joiris et al., 1982; Jørgensen et al., 1990; Wollast, 1998; 
Jahnke, 2010). Deposition occurs usually as intermittent pulses, particularly in regions of 
higher latitudes (Gooday, 2002). Assuming that 20% of marine primary production occurs in 
shelf seas (Jahnke, 2010), 4% to 10% of the globally fixed marine organic carbon reaches the 
surface sediments at continental shelves (Joiris et al., 1982; Jørgensen et al., 1990; Wollast, 
1998; Jahnke, 2010), which is equivalent to 1.9-4.8 Gt per year (Field et al., 1998). The vast 
majority of the organic matter (OM) reaching permeable sediments is remineralized (de Haas 
et al., 2002). This close coupling of planktonic primary production and benthic 
remineralization is called benthic-pelagic coupling.  
Additional sites of carbon fixation are shelf sediments itself. Based on modeled minimum 
daily irradiance compensation, one-third of the subtidal (i.e. constantly submerged) 
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continental shelf sediments receive sufficient light levels allowing benthic photosynthesis 
(Gattuso et al., 1998; Huettel et al., 2014). In addition to the light, photoautotrophs find a rich 
supply of inorganic nutrients resulting from high benthic remineralization rates, making 
surface sediments hotspots of photosynthesis. In fact, at water depths of 14 to 40 m, the 
primary production in surface sediments accounted for 8% to 100% of the primary production 
in the entire water column above (Jahnke et al., 2000). Similar to the water column, the 
majority of photoautotrophs in surface sediments are microalgae, so-called benthic 
microalgae. Most benthic microalgae belong to the diatoms (Kingston, 1999; Cahoon and 
Safi, 2002) and can be mobile. Migration occurs with a speed of up to 20 μm s-1 (Harper, 
1969) and down to 12 cm below the sediment surface (Kingston, 1999). For tidal sediments, 
migration has been attributed to light capture during daylight and low tide and downwards 
movement during high tide to evade current-induced shear stress (Palmer and Round, 1967; 
Kingston, 1999). Whether migration plays a role in subtidal sediments has yet not 
systematically been analyzed and remains unclear. Regardless of their migration behavior, 
benthic algae secrete extracellular polymeric substances (EPS) that contain carbohydrates and 
proteins contributing significantly to the benthic carbon pool (Painter, 1983; Hoagland et al., 
1993; Middelburg et al., 2000; Haynes et al., 2007).  
 
Microbial degradation of organic matter in continental shelf sediments 
Carbon standing stocks in sandy sediments are generally lower than in fine-grained 
sediments and do not accumulate. This has long been perceived to reflect low microbiological 
activities and marine sandy sediments were described as microbiological deserts. In fact, it is 
quite the contrary: low carbon stocks are a result of high microbiological activities, in 
particular, the oxidation of organic carbon (Boudreau et al., 2001). Despite their small size, 
microbial communities dominate the degradation of organic matter in sandy permeable 
sediments (Bühring et al., 2006; Franco et al., 2010). The full remineralization of organic 
matter by microorganisms is a stepwise process that involves multiple enzymatic reactions 
carried out by several microbial guilds. The remineralization processes are redox reactions 
and as such not only influenced by the access to organic matter (reactant to be oxidized) but 
largely shaped by the availability of terminal electron acceptors (TEA; reactant to be 
reduced). Microorganisms can use a wide spectrum of TEA including oxygen (O2), nitrate 
(NO3-), manganese (Mn(IV)), ferric iron (Fe(III)), sulfate (SO42-) and carbon dioxide (CO2). 
The TEA used in the redox reaction for organic matter degradation also determines how much 
energy is gained during the redox reaction. At standard conditions (1 bar, 25°C), most energy 
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Fermentation is the initiation of the anaerobic part of the benthic microbial degradation 
process. Fermenting cells do not use an external TEA described above. Instead, organic 
compounds are used as both: as source as well as a sink for electrons. To enable an electron 
flow (i.e. energy conservation) within the cell, organic compounds used as an electron sink 
are secreted into the surrounding sediment matrix. Typical products of fermentation are 
lactate, butyrate, propionate, acetate, and hydrogen. Then, anaerobic microorganisms, such as 
metal-reducing microbes, sulfate reducers, and carbon dioxide-respiring (i.e. methanogenic) 
organisms can make use of the organic matter influx. This is the last step in the 
remineralization of organic matter in marine sediments.  
Considering bulk organic matter remineralization in marine sediments, oxygen, nitrate and 
sulfate are the most relevant electron acceptors. This is due to the highest energy yield using 
oxygen and nitrate and the high concentration of dissolved sulfate in sea water (28 mM). At 
shallow sites with primary production and consequent high organic matter input, oxygen and 
nitrate is depleted within a few millimeters and dissimilatory sulfate reduction can account for 
>50% of organic matter remineralization in marine sediments (Jørgensen, 1977). However, 
also in the presence of oxygen, sulfate reduction, nitrate reduction and fermentation have been 
reported. Sulfate reduction was largely related to microenvironments where oxygen transport 
to the cells cannot balance oxygen consumption allowing for anaerobic processes (Jahnke, 
1985; Hastings and Emerson, 1988; Teske et al., 1998). Recently it was shown that 
denitrification and fermentation can occur independently of the presence of anoxic 
microenvironments (Chen et al., 2017; Marchant et al., 2017). It was even shown that an 
increase of oxygen concentrations to above 125 μM, lead aerobic Arcobacter switch to 
denitrification because its cbb3 terminal oxidase was inhibited by these high oxygen 
concentrations (Chen et al., 2017). At low oxygen concentrations (< 20 μM) fermentation was 
the major process for the oxidation of glucose and amino acids, despite a much lower energy 
yield than aerobic respiration. These examples showed that even in oxygenated surface 
sediments, diverse microbial degradation processes may occur in parallel using diverse 
electron acceptors.  
 
Sulfur compounds as energy source for chemolithotrophy 
Chemolithotrophy describes the ability of prokaryotes to use inorganic reactants as an 
electron source for energy conservation (Winogradsky, 1887; Winogradsky, 1892). Energy-
rich reduced sulfur compounds suitable for chemolithotrophy occupy oxidation steps from +4 
(e.g. sulfite) to -2 (e.g. hydrogen sulfide) and may be found dissolved in the pore water 
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(Jørgensen, 1977) or as minerals (e.g. pyrite, Schippers and Jørgensen, 2002; Canfield et al., 
2005b). The main sources of reduced sulfur compounds are prokaryotic sulfate and sulfur 
reduction and sulfur disproportionation (Bak and Cypionka, 1987). Microbial oxidation of 
reduced sulfur compounds is largely facilitated with oxygen or nitrate as TEA (summarized in 
Canfield et al., 2005b; Sievert et al., 2007). Consequently, it is particularly apparent, where 
sufficient reduced sulfur compounds and oxygen or nitrate co-occur. In vertically structured, 
diffusion-dominated sediments sulfur oxidation occurs close to the sediment surface.  
 
Bacterial communities in continental shelf sediments
Coastal marine surface sediments contain 108 to 109 microbial cells per cm³ (Dale, 1974; 
Meyer-Reil et al., 1978; Llobet-Brossa et al., 1998; Musat et al., 2006). This makes the 
benthic habitat 100 to 1000 times more densely populated than the overlying water column. 
This dense community is composed of diverse prokaryotes. The majority of prokaryotes in 
marine surface sediments are Bacteria (Llobet-Brossa et al., 1998; Ravenschlag et al., 2000; 
Bühring et al., 2005), of which in the following only the most common benthic lineages are 
introduced.  
A well-studied group in marine sediments are Deltaproteobacteria. Highest contributions 
of sulfate-reducing Deltaproteobacteria with up to 12% of total cells were reported for 
surface sediment depth layers, where oxygen is low or absent (Ravenschlag et al., 2000; 
Asami et al., 2005; Mußmann et al., 2005; Gittel et al., 2008; Acosta-González et al., 2013). 
These are sediments with high organic matter input and subsequent consumption of oxygen or 
deeper sediment layer into which oxygen does not penetrate. Traditionally, marine sulfate-
reducing Deltaproteobacteria were perceived as strictly anaerobic members that only oxidize 
fermentation products. Further cultivation efforts have shown, however, that they cannot only 
use fermentation products but also products of depolymerization such as amino acids and 
sugars (Stams et al., 1985; Sass et al., 2002) and are thus more prominently integrated into 
benthic organic matter remineralization than initially anticipated. While oxygen respiration by 
sulfate-reducing Deltaproteobacteria in sulfate-rich marine sediments was not reported, non-
marine species can respire also oxygen and nitrate (e.g. Widdel and Pfennig, 1982; Seitz and 
Cypionka, 1986 ; Szewzyk and Pfennig, 1987; Dilling and Cypionka, 1990; Cypionka, 2000 ). 
The regular retrieval of potentially sulfate-reducing Deltaproteobacteria from surface 
sediments (Muyzer et al., 1993; Llobet-Brossa et al., 1998; Sahm et al., 1999; Ravenschlag et 
al., 2000; Mußmann et al., 2005; Musat et al., 2006), therefore suggests at least an oxygen 
tolerance. 
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Gammaproteobacteria regularly contribute the highest share to the total bacterial 
community in surface sediments (Asami et al., 2005; Musat et al., 2006; Lenk et al., 2011; 
Andreote et al., 2012; Wang et al., 2012; Gobet et al., 2014; Bacci et al., 2015; Liu et al., 
2015a; Dyksma et al., 2016b). Prominent benthic Gammaproteobacteria are related to the 
orders Chromatiales and Thiotrichales. These orders can be linked to the oxidation of reduced 
sulfur compounds (Brinkhoff et al., 1999; Bowman et al., 2005; Knittel et al., 2005; Lenk et 
al., 2011; Park et al., 2011). They rely on reduced sulfur compounds largely produced by 
sulfate-reducing microorganisms. Interestingly, sulfur-oxidizing Gammaproteobacteria can, 
in addition, fix CO2 (Brinkhoff et al., 1999; Knittel et al., 2005; Park et al., 2011). 
Acidiferrobacter spp. (Chromatiales), unclassified Thiotrichales and family Woeseiaceae
account for up to 80% of dark carbon fixation in coastal sediments (Lenk et al., 2011; 
Dyksma et al., 2016b). 
Also members of the bacterial phylum Bacteroidetes are common in marine sediments 
(Llobet-Brossa et al., 1998; Ravenschlag et al., 2001; Hunter et al., 2006; Musat et al., 2006; 
Gobet et al., 2012; Acosta-González et al., 2013; Newton et al., 2013; O'Reilly et al., 2016). 
Similarly to planktonic Bacteroidetes, their benthic relatives are also thought to be involved in 
the depolymerization of complex organic matter (Kirchman, 2002; Bowman, 2006; McIlroy 
and Nielsen, 2014). High contribution to the total microbial community, in particular in 
surface sediments (Llobet-Brossa et al., 1998; Bowman and McCuaig, 2003; Rusch et al., 
2003; Musat et al., 2006), may be related to degradation and uptake of fresh and labile organic 
matter such as deposition of algal blooms (Gihring et al., 2009; Chipman et al., 2010; Ruff et 
al., 2014; Tait et al., 2015). In surface sediments, Bacteroidetes are mainly represented by 
families Flavobacteriaceae and Saprospiraceae (Bowman, 2006; Newton et al., 2013). In 
deeper, anoxic sediment depth layers Bacteroidetes may still be involved in the 
depolymerization of organic matter (Julies et al., 2010; Baker et al., 2015), but here 
Bacteroidaceae may be more prominent (Baker et al., 2015). 
Another bacterial lineage typical for surface sediments is the phylum Planctomycetes. This 
is a peculiar phylum as it seemed to exhibit traits that have challenged its clear phylogenetic 
placement into the classification system of microbial life (Fuerst and Sagulenko, 2011). The 
apparent lack of peptidoglycan (Liesack et al., 1986; Liesack et al., 1994) and apparent inner 
cell structures would have pointed towards an evolutionary history separating Planctomycetes 
distinctively from other bacteria. However, recently Planctomycetes were shown to contain 
peptidoglycan (Jeske et al., 2015; van Teeseling et al., 2015). Internal cell structures in 
Planctomycetes were identified as a much smaller cytoplasm with subsequently much more 
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condensed DNA and a higher concentration of ribosomes and an exceptionally enlarged and 
irregularly shaped periplasm (Santarella-Mellwig et al., 2013; Boedeker et al., 2017).  
In the context of organic matter degradation in surface sediments, the Planctomycetes are 
likely of high relevance. Similar to the Bacteroidetes, Planctomycetes are involved in the 
degradation of complex organic matter. Many Planctomycetes encode a plethora of enzymes 
involved in the degradation of polysaccharides (Glöckner et al., 2003; Kim et al., 2016a; 
Vollmers et al., 2017). In addition, Planctomycetes express various sulfatases (Wecker et al., 
2009; Wegner et al., 2013; Kim et al., 2016a). This has largely been attributed to their close 
association with macroalgal surfaces (Lage and Bondoso, 2011; Lage and Bondoso, 2014). 
Many of algal-derived polysaccharides are sulfated. Their degradation requires the cleavage 
of the sulfate groups from the polysaccharides to access the energy- and carbon-rich 
polysaccharides. Algal polysaccharides that were shown to be used include alginate, 
carrageenan, cellulose, chondroitin sulfate, dextran, fucan, laminarin, ulvan, pectin and starch 
as well as algal saccharides cellobiose, fucose, galactose, mannitol, N-acetylgalactosamine, 
rhamnose and xylose (Schlesner et al., 2004; Jeske et al., 2013; Lee et al., 2013; Wegner et 
al., 2013; Bondoso et al., 2014; Erbilgin et al., 2014; Boedeker et al., 2017). The ability to 
utilize this wide spectrum of carbohydrates is one reason, why Planctomycetes are among the 
dominant bacteria on macroalgal surfaces (Bengtsson and Øvreås, 2010; Lage and Bondoso, 
2011; Lage and Bondoso, 2014). In addition, many members of the Planctomycetes possess 
holdfast structures, so-called stalks (Hirsch and Müller, 1985). These holdfast structures allow 
attachment to surfaces. Planctomycetes are also highly abundant in continental shelf surface 
sediments accounting for up to 19% of all microbial cells in sandy surface sediments (Llobet-
Brossa et al., 1998; Rusch et al., 2003; Musat et al., 2006). 
 
Culture-independent diversity analysis in microbial ecology 
Into the last quarter of the 20th century, the isolation of microbial strains was a prerequisite 
to study the diversity of microorganisms. Only after cultivation, chemotaxonomic analysis 
and physiological tests could be performed on pure cultures to reveal the identity of an 
organism. However, the isolation of environmental microorganisms is challenging, and 
oftentimes successfully isolated prokaryotes do not reflect the diversity observed in the 
environment. This so-called “great plate count anomaly” (Staley and Konopka, 1985) is 
attributed to culture conditions, which do not adequately reflect a microorganism’s in situ 
environmental conditions. For example, arbitrary or inappropriate growth conditions such as 
high substrate concentrations, missing unknown growth factors and lack of potential 
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interactions with other microorganisms necessary for growth or the formation of toxic 
products during medium preparation can inhibit growth in culture (Davis et al., 2005; 
Bollmann et al., 2007; D'Onofrio et al., 2010; Tanaka et al., 2014; Hahnke et al., 2015).  
The identification and the classification system of microbial life underwent a revolution 
when Carl Woese and colleagues used the ribosomal RNA (rRNA) as a molecular marker 
(1977) to postulate the presence of three domains of life (Woese, 1987; Woese et al., 1990). 
Their use of the rRNA to characterize taxonomic identity and diversity overcame the many 
challenges of phenotypic-based classification (Olsen et al., 1986; Olsen and Woese, 1993). As 
a genetic marker, rRNA genes fulfill important requirements for use as a molecular clock 
(Zuckerkandl and Pauling, 1965): it is universal to all living organisms, it is functionally 
conserved, it does not experience high rates of lateral gene transfer, and it contains both 
conserved and variable regions. Substitutions, insertions and deletions of the nucleic acid 
sequence in rRNA genes thus reflect the evolutionary history of an organism. The gene for the 
small subunit of the ribosome (16S rRNA) has become the most widely applied target for 
evaluations of prokaryotic phylogeny. Inferring phylogenetic information of an organism 
requires the alignment of the 16S rRNA gene sequences against a reference data set. This 
alignment sorts homologous bases of closely related organisms and takes into consideration 
the information of 16S rRNA secondary structures (hairpins, loops, stems). These alignments 
can then be used in the construction of a phylogenetic tree, the topology of which is highly 
dependent on the evolutionary model used during the calculation. The depicted phylogenetic 
relatedness is therefore only an estimate of the actual evolutionary history. Regardless, the 
establishment of a workflow from extraction of environmental DNA, amplification of the 16S 
rRNA gene with specific primer sets and phylogenetic reconstruction has over time revealed a 
tremendous diversity of uncultured bacterial lineages (Amann et al., 1995; Hugenholtz et al., 
1998).  
 
Sequencing technologies for sequencing of the 16S rRNA gene 
For a long time, Sanger-based capillary sequencing was the DNA sequencing method of 
choice (Sanger and Coulson, 1975). It allowed to sequence DNA fragments of up to 800 bp in 
high quality, but low throughput (Table 1). With the beginnings of the 2000s, new sequencing 
technologies were introduced commonly referred to as “next generation sequencing (NGS)” 
with much higher throughput (Table 1, Goodwin et al., 2016). Most commonly applied was 
the 454 Life Technologies next generation sequencing platform 454 that was introduced to 
microbial ecology in the late 2000s (Ronaghi et al., 1998). Today the most widely applied 
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sequencing technology for PCR-amplified 16S rRNA gene fragments is based on the Illumina 
technology. It offers high throughput at relatively low costs and considerably lower error rate 
compared to the 454-technology (Table 1). This vast amount of sequence reads allows 
sequencing the 16S rRNA gene diversity of multiple samples in parallel in only one run. This 
makes NGS both time and cost-effective. However, in contrast to Sanger sequencing, Illumina 
sequence reads are much shorter. At a maximum, less than half of the 1,500 to 1,600 bp long 
16S rRNA gene can be sequenced, which is a disadvantage for phylogenetic tree 
reconstruction. Recently, single-molecule NGS technologies, such as Pacific Biosciences’ 
PacBio (Eid et al., 2009) open up the possibility to sequence full-length 16S rRNA genes in 
consensus mode at error rates compared to Illumina sequences (Schloss et al., 2016; Wagner 
et al., 2016).  
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Operational taxonomic units (OTU) for microbial diversity analysis 
In order to reduce the computational demand to taxonomically classify thousands to 
millions of reads from “next generation sequencing (NGS)”, sequences are often categorized 
into operational taxonomic units (OTU, Schloss and Handelsman, 2005). For 16S rRNA 
genes, OTU were defined based on sequence divergence or distance. The numbers of formed 
OTU in samples, therefore, describe genetic divergent units. Until today, the formation and 
comparative analysis of distance-based OTU is a widely applied powerful tool for the culture-
independent description of diversity in microbial ecology (e.g. Sogin et al., 2006; Huse et al., 
2008; Gilbert et al., 2009; Gobet et al., 2012; Gibbons et al., 2013; Ruff et al., 2015). A 
commonly applied cut off of 97% to 97.5% sequence identity has been used for OTU 
clustering inferring species diversity (Stackebrandt and Goebel, 1994; Bond et al., 1995). 
Using full-length 16S rRNA gene sequences of validly described type strains, the “species 
cut-off” was recently increased to >98.7% sequence identity over the full-length 16S rRNA 
gene sequence (Stackebrandt and Ebers, 2006; Yarza et al., 2014).  
 
Characteristics of the North Sea 
Study sites subjected in this thesis were located in the North Sea. The North Sea is a 
continental shelf sea boarded by the Belgium, Dutch and German coastline in the south, the 
Danish, the Swedish and the Norwegian coastline in the west, the British coastline in the east 
and largely open to the north passing into the North Atlantic (Figure 3). It is characterized by 
water masses that are highly influenced through riverine discharge of Rhine, Elbe, Weser, 
Humber, Forth and Ems and an exchange with Atlantic water masses in the North and the 
Baltic Sea in the East (Howarth et al., 1994). Riverine discharges are rich in nutrients, 
supporting strong phytoplankton blooms. The North Sea, therefore, is an eutrophic 
environment (Radach and Pätsch, 2007). Phytoplankton blooms are particularly strong in the 
German Bight, where they contribute 261 gC m-2 a-1 (Howarth et al., 1994). The German 
Bight encompasses the southeastern part of the North Sea with shallow water depths of 
maximum 50 m (Becker et al., 1992). Sediments are both fine-grained impermeable and 
coarse-grained permeable. Impermeable sediments are particular found south of the island 
Helgoland, along the paleo Elbe and locally restricted at the Oyster Ground (Neumann et al., 
2016). Research on benthic microbial communities in the North Sea so far, has largely 
focused on tidal sediments (e.g. Brinkhoff et al., 1998; Llobet-Brossa et al., 1998; Musat et 
al., 2006; Gittel et al., 2008; Böer et al., 2009; Lenk et al., 2011; Gobet et al., 2012; Lenk et 
Gener
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Aims of this thesis 
The overarching topic of this doctoral thesis was the microbial ecology of subtidal sandy 
surface sediments with a focus on interactions with the overlying water column. In order to 
advance the knowledge of the diversity and activity of heterotrophic microorganisms 
degrading organic matter, the following subtopics were addressed in chapters: 
 
Chapter I: The influence of sediment permeability on the bacterial community in sandy 
subtidal surface sediments 
To date,  little attention has been paid to the bacterial diversity and community 
composition in subtidal sandy sediments. It is not known, whether the close coupling of 
permeable sediments with the water column influences the microbial community in surface 
sediments. Consequently, the following hypotheses were tested: I) The uppermost sediment 
depth layer harbors a specific bacterial community, distinct from the subjacent sediment layer. 
II) The sediment permeability has an influence on the bacterial community composition.  
To address these hypotheses, the bacterial community composition was analyzed 
thoroughly on family to genus level. For seven sites of varying permeability, surface 
sediments at the sub centimeter scale and corresponding bottom waters were subjected to 
16S rRNA gene fragment sequencing. Selected bacterial clades were visualized and 
quantified with newly designed and existing oligonucleotide probes using fluorescence in situ 
hybridization (FISH).  
 
Chapter II: The bacterial diversity and community structure on single sand grains 
Microbial ecology analysis of marine sediments has so far solely focused on the coarse 
level of bulk analysis of several grams of sediments. The community composition and 
structure on the micro scale level, however, is largely unknown. Consequently, the microbial 
community on single sand grains was analyzed using 16S rRNA gene sequencing and in situ 
visualization by fluorescence in situ hybridization (FISH), giving first-time insights into the 
potential for interactions on cell to cell level. 
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Chapter III: The functional activity and phylogenetic affiliation of benthic microbial 
community members during a spring phytoplankton bloom 
Permeable surface sediments are linked tightly with the overlying water column. The 
bacterioplankton dynamics during a spring phytoplankton bloom are well understood. In this 
chapter, metatranscriptomes of the benthic community during a spring phytoplankton bloom 
were analyzed. The expectation was that the benthic community response would be as 
dynamic as that of the bacterioplankton. The phylogenetic and functional analysis was 
performed by sequencing of total RNA extracted from sediments sampled on three time points 
spanning three months. 
 
Chapter IV: Impacts of bottom water percolation on the activity and community 
composition of the microbial community in sandy surface sediments 
In this chapter, the relationship of water column-derived dissolved organic matter and 
benthic microbial oxygen consumption was analyzed and the bacterioplankton retained in 
surface sediments during bottom water percolation was quantified. The analysis was 
performed by experimental ex situ percolation of sediment-filled flow through cores.
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Abstract
Globally, marine surface sediments constitute a habitat for estimated 1.7 × 1028 
prokaryotes. For benthic microbial community analysis, usually, several grams of sediment 
are processed. In this study, we made the step from bulk sediments to single sand grains to 
address the microbial community directly in its micro-habitat: the individual bacterial 
diversity on 17 sand grains was analyzed by 16S rRNA gene tag sequencing and visualized on 
sand grains using CARD-FISH. Cell numbers ranged from 1.2 × 104 to 1.1 × 105 on grains 
from 202 μm to 635 μm diameter. In terms of footprint, cells covered only a minor fraction 
(4%) of the grains’ surfaces. Colonization was patchy with exposed sand grain surfaces 
largely devoid of epigrowth. Calculated average distance between any two cells was 3.3 μm, 
thus 30-fold shorter compared to the water column. On each sand grain, a highly diverse 
bacterial community was found (8,433± 1,334 estimated OTU0.97). Only 4 to 8 single grains 
are needed to cover 50% of OTU0.97 richness found in several grams of sediment. A prominent 
core community contributed >50% to total 16S rRNA gene sequences. Major taxa were 
Woeseiaceae/JTB255, Flavobacteriaceae, Saprospiraceae, OM1, and Planctomycetia. 
CARD-FISH confirmed their high in situ abundance. Surprisingly, growth was found 
dominantly as a monolayer only. 
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Introduction
Globally, the top 10 centimeters of marine sediments constitute a habitat for estimated  
1.7 × 1028 Bacteria and Archaea (Whitman et al., 1998). In surface sediments, cell 
abundances are 108 to 109 cm-3 (Dale, 1974; Meyer-Reil et al., 1978; Llobet-Brossa et al., 
1998; Musat et al., 2006) making the benthic microbial community up to 10,000 times more 
dense than the one in the water column. In permeable continental shelf sediments, more than 
99% of the benthic microbial community lives attached to sand grains (Rusch et al., 2003). 
High mixing rates due to shallow water depths and strong currents resuspend sand grains and 
expose its microbial community to mechanical shearing stress (Miller, 1989) and highly 
dynamic environmental conditions (Huettel et al., 2014). The sediment filters and 
accumulates organic and inorganic matter from the environment. However, the availability of 
the organic and inorganic matter and oxygen changes regularly with bottom water current-
induced bedform migration (Ahmerkamp et al., 2017). Overall, sands are spatiotemporal 
heterogeneous microbial habitats that provide manifold ecological niches to benthic microbial 
communities. Some microbes produce extracellular polymeric substances to allow an 
attachment to sand grains surfaces (Flemming and Wingender, 2010) and the establishment of 
a diverse microbial community. Under anoxic conditions, alternative electron acceptors to 
oxygen such as nitrate, manganese, sulfate and ferric iron are used or some microorganisms 
switch to fermentation. Traditionally, the use of electron acceptors is perceived to occur in a 
consecutive order. However, recent findings suggest that an adapted benthic microbial 
community is able to perform remineralization of organic matter using electron acceptors in 
an unsorted manner (Chen et al., 2017). Under oxic conditions, nitrate reduction to nitrous 
oxide occurred in permeable surface sediments in the North Sea (Marchant et al., 2017) as 
well as in chemostat experiments, where fermentation was additionally detected (Chen et al., 
2017).  
The metabolic diversity of benthic microbial communities is reflected in its phylogenetic 
composition. For North Sea surface sediments, bacterial OTU0.97 richness was between 3,000 
and 12,000 as assessed by 16S rRNA gene sequencing of bulk sediment (Probandt et al., 
2017). Our current knowledge about the diversity, spatial organization and cell-cell 
interactions within benthic microbial communities is based on the analysis of bulk sediments 
and is, thus, limited in spatial resolution. The only studies investigating the spatial 
arrangement of benthic microbial communities on sand grains on a micro-scale were 
conducted decades ago and based on autofluorescence and morphology of microorganisms. 
Microalgae, Cyanobacteria and other bacteria live predominantly in cracks and fissures of 
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sand grain surfaces (Wood and Oppenheimer, 1962; Meadows and Anderson, 1968; Weise 
and Rheinheimer, 1978; Miller, 1989). Reported cell densities on sand grains were 1 to 6 cells 
in 100 μm x 100 μm (DeFlaun and Mayer, 1983) and estimates of colonization density ranged 
from 4% to 30%, as shown by Ziehl-Neelsen staining (Meadows and Anderson, 1968). 
Making use of the major advances in microscopy that have become available in recent 
years (mainly detector sensitivity and brighter dyes), we went beyond bulk sediment by taking 
a direct look at single sand grains to study the microbial community in its natural habitat. We 
established a workflow for (i) the visualization of intact sandy sediment cores by micro-
computed tomography (μCT), (ii) bacterial diversity analysis of the sand grain’s community 
using tag sequencing of partial 16S rRNA genes amplified from a single sand grain, and (iii) 
the direct visualization of microbial communities on native sand grains using CARD-FISH 
and confocal laser scanning microscopy (CLSM). We tested the hypothesis that the diversity 
and community composition would differ strongly between sand grains. 
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Materials and Methods 
Sampling and fixation 
Samples were retrieved from sublittoral sediments in the southern North Sea at site 
Helgoland roads on June 14, 2016 (Supplementary Figure S1). Sediment push cores were 
retrieved by scientific divers from a water depth of 8 m. Samples were transported to the lab 
and immediately sectioned. For DNA extraction and PCR from single sand grains, samples 
were stored at -20°C. For CARD-FISH, SYBR green I and Acridine Orange staining, surface 
sediment (0-2 cm) was fixed with 1.5% formaldehyde for 1 h at room temperature, washed in 
1xPBS/Ethanol (1:1, v/v) and stored at -20°C until use. 
 
Micro-computed tomography (μCT) 
For micro-computed tomography, we subsampled the center of undisturbed push cores 
with a polyethylene cylinder (14 mm diameter × 30 mm height). After dehydration in acetone 
for complete replacement of the pore space, samples were impregnated with polyester resin 
(Eickhorst and Tippkötter, 2008). After polymerization, samples were visualized by X-ray μ-
CT (CT-ALPHA, ProCon, Germany) at the scanning facility at the Department of 
Geosciences, University of Bremen, Germany. For details see supplementary information. 
 
DNA extraction from bulk sediments  
A total of six independent DNA extractions from each 0.4 g of sediment (0-2 cm depth) 
were done. Three extractions were performed using the MoBio PowerSoil DNA isolation kit 
and three extractions were performed according to Zhou and colleagues (1996) ending with 
two ethanol washing steps.  
 
Amplification of partial 16S rRNA gene fragments 
For PCR amplification of 16S rRNA gene fragments from bulk sediments, three DNA 
pools, each a mixture of an equal molar ratio from the two extraction methods, were used as a 
template. For each pool, five replicate PCR reactions (50 μL volume) were performed 
containing 0.3 mg μL-1BSA, 1x TaKaRa buffer, 0.2 mM dNTPs, 1.5 μM of each primer S-
DBact-0341-b-S-17 and S-D-Bact-0785-a-A-21 (Herlemann et al, 2011; Klindworth et al., 
2013(341fwd and 805rev each 1.5 μM, Herlemann et al., 2011), 0.25 U μL-1 TaKaRa Taq 
DNA Polymerase and ca. 10 ng DNA. The PCR program started with an initial denaturation 
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step for 5 min at 95°C, followed by 40 cycles of 95°C for 60 s, 55°C for 60 s, 72°C for 180 s 
and a final extension step for 10 minutes at 72°C. In parallel, single sand grains (SSG) from 
the 0-2 cm depth interval were used as template for PCR without prior DNA extraction. Sand 
grains were randomly picked with sterile forceps, grain size & appearance documented by 
photographs and transferred into PCR strips (one grain per reaction) filled with sterile PCR 
grade water. As a control, forceps were dipped in PCR water before and after sand grain 
picking. The protocol for SSG-PCR was identical to the protocol described for amplification 
from bulk sediments.  
Each forward primer carried a unique 6 nucleotide identifier, which allowed parallel 
multiplex sequencing of the different PCR products on an Illumina HiSeq2500 instrument 
(2x250 bases, paired-end) at the Max Planck-Genome Centre in Cologne (Germany). 
 
Quality trimming and sequence processing 
Paired-end reads were quality trimmed (>q21, both ends) and merged (strict, overlap 20) 
using software package BBmap v36.92 at high confidence settings. Further read processing 
was done according to the MiSeq SOP (Kozich et al., 2013) with mothur v.1.39.5 (Schloss et 
al., 2009; Westcott and Schloss, 2017). Sequences were globally clustered in operational 
taxonomic units (OTU) at 97% similarity using the OptiClust algorithm and classified using 
the SILVA database SSU Ref NR, release 123 (Quast et al., 2013). For removal of potential 
artificial diversity, we performed pre-clustering at 99% sequence identity and de novo-based 
chimera removal using UCHIME (Edgar et al., 2011). Sequences classified as Archaea, 
Eukarya, chloroplasts or non-16S rRNA gene sequences resulted from unspecific 
amplification during PCR and were therefore removed from the dataset. Additionally, OTU0.97 
that were represented by <2 sequences in the whole dataset (0.000001% of total sequences) 
were removed. Sequences have been stored in the European Nucleotide Archive (ENA) under 
study accession number PRJEB20733. 
 
Acridine Orange staining. 
For total cell counts, cells were dislodged from sand grains by repeated ultrasonication (6 × 
30 s at 20% and 2 × 30 s at 50% power; HD70 probe, Bandelin, Berlin, Germany). 
Supernatants were collected after each round of sonication and replaced by PBS/ ethanol. 
Afterwards, cells were filtered onto polycarbonate membrane filters (0.2 μm pore size; three 
technical triplicates) and stained using Acridine Orange as described earlier (Meyer-Reil et 
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al., 1978). Cell counting was done under an epifluorescence microscope (50i, Nikon 
Instruments Europe, Düsseldorf, Germany). 
 
Customized glass slides for microscopy of sand grains 
For visualization of microbial communities directly on sand grains (100 μm to >1000 μm 
in diameter), we customized glass slides (Supplementary Information, Figure S2). Using a 
diamond drill, a hole was carefully drilled into a standard glass slide. A standard coverslip 
was attached to the slide by using double sided self-adhesive sticky frames (Gene Frame AB-
0577, Thermo Fischer). Sand grains were placed on the coverslip and dried in the dark. 
 
SYBR Green I staining of sand grains 
Individual sand grains were directly stained on the custom-made glass slide, by embedding 
in Mowiol 4-88 (Hoechst, Germany) containing SYBR green I (final concentration 25x). The 
pH of Mowiol 4-88 was adjusted to 7.5 using ascorbic acid.  
 
Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) 
All steps of the CARD-FISH protocol were applied to about 100 to 500 sand grains in a 
2 mL reaction vial. Permeabilization of cell walls was done with lysozyme (10 mg mL-1) for 
60 minutes followed by achromopeptidase treatment (60 U mL-1) for 30 minutes at 37°C. 
Endogenous peroxidases were inactivated in 0.01 M HCl with 0.15% H2O2 for 20 minutes. 
Hybridization (4 h) and CARD step (1 h) was performed as described previously (Pernthaler 
et al., 2002) using fluorophore-labeled tyramides (1.4 μg mL-1 in amplification buffer).  
For multiple hybridizations, HRP from the first probe was inactivated in 0.01 M HCl with 
0.15% H2O2 for 20 minutes. Tyramides labeled with fluorophores Alexa488, Alexa594 and 
Alexa647 was used. For visualization of a fourth population, Alexa594- and Alexa488-labeled 
tyramides were added in an equimolar ratio to the amplification buffer. After each treatment, 
the solution of the following step was used to replace the supernatant of the latter one at least 
three times to equilibrate the sand grains. During incubations, reaction vials were carefully 
inverted every 30 minutes to allow an efficient mixing of the reaction solution and sand 
grains. HRP-labeled probes used and formamide concentrations are given in Supplementary 
Table S1. Probe PLA46 was four times directly labeled with Atto594. For counterstaining and 
microscopy, sand grains were placed on the custom-made glass slide (Supplementary Figure 
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S2) and embedded in Citifluor/Vectashield (4:1) containing 0.5 μg ml-1 4?,6-diamidino-2-
phenylindole (DAPI). 
 
Image acquisition using inverse confocal laser scanning microscopy
Visualization of microbial communities on sand grains was done by inverse laser scanning 
microscopy (LSM780, Zeiss, Germany). DAPI, SYBR green I, and fluorophores Alexa488, 
Alexa594 and Alexa647 were excited using lasers of 405 nm, 488 nm, 488 nm, 561 nm, and 
633 nm wavelength, respectively. Non-confocal images of sand grain surfaces were obtained 
by transmission light microscopy in bright field mode (iris pin hole entirely opened). For 3D-
visualization of cells on surfaces, images of z-stacks were optimized by deconvolution using 
AutoQuant (Media Cybernetics, USA) and further processed using IMARIS (Bitplane, 
Switzerland). 
 
Calculations of cell density, surface area covered by epigrowth and cells per sand grain 
The cell density was calculated based on total cell counts cm-³ (determined on membrane 
filters; 1.14 × 109 cells cm-3) and grain surface area (1.2 × 1010 μm² cm-3 sand) determined by 
μCT imaging. 
The footprint of an average microbial cell was 0.43 μm² and used together with the cell 
density to determine the fraction of the grain’s’ surfaces covered by epigrowth. The footprint 
was calculated based on a community composition of 5% large and 50% small cocci 
(diameter, on average 0.5 μm and 1 μm) and 30% small and 15% large rod-like cells (0.5 μm 
× 1 μm and 0.5 μm × 2 μm). 
Cell numbers per sand grains were calculated using i) equation I or ii) equation II and III 
according to: 
 
Eq. I cells per sand grain =  grain surface area [cm²] × colonization density [cm-2] , 
where grain surface area is 1.3 × 10-3 cm² and 13 × 10-3 cm², respectively, when assuming 
a perfect sphere with a diameter of 202 μm and 635 μm (size range for 80% of sand grains, 
n= 199). 
 
Eq. II  ???????????????????? ? ???????????????????????????????????????????????? 
and 
Chapter II: Microbial life on a sand grain: from bulk sediment to single sand grains 
57 
Eq. III ??? ?????????????? ? ?????????????????????????? ????????????????????????????????????????? ?, 
where porosity is 0.4 and grain volume is 0.43 × 10-5 cm³ (202 μm diameter) and 13 × 10-5 
cm³ (635 μm diameter). 
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Results and Discussion  
Microbial colonization density on sand grains 
The microbial colonization density on sand grains was calculated based on the grains’ 
surface area as analyzed by μCT imaging of an intact sediment core (Figure 1) and total cell 
counts as detected by Acridine Orange staining. Microbial cell numbers in surface sediments 
(0-2 cm depth) from site Helgoland Roads were 1.1 ±0.3 × 109 cm-3 and thereby in the upper 
range as reported for other sandy sediments (Dale, 1974; Meyer-Reil et al., 1978; Llobet-
Brossa et al., 1998; Rusch et al., 2003). The colonization density was 0.09 cells μm-2 
corresponding to one cell in an area of 11.1 μm² and an average distance between any two 
cells of 3.3 μm. This colonization density is about one to two orders of magnitude higher than 
values which based on nitrogen sorption reported by Ahmerkamp (2016) for similar North 
Sea sediments and by DeFlaun and Mayer (1983) for an intertidal mudflat. Due to the limited 
resolution of μCT (voxel edge length: 6.2 μm) total surface area was likely underestimated 
resulting in an overestimation of colonization density. In contrast, nitrogen sorption usually 
results in an underestimation of colonization density because of an overestimation of surfaces 
due to the inclusion of nanometer-sized, non-inhabitable pores into the analysis (DeFlaun and 
Mayer, 1983). The substantial fraction of nanometer pores in intertidal mudflats that are rich 
in clay and silt, explains the low colonization density.  
Based on a footprint of 0.43 μm² for an average cell and the colonization density of 0.09 
cells μm-2, 4% of the sand grain’s surface is covered by epigrowth. This supports previous 
estimations based on Ziehl-Neelsen staining by Meadows and Anderson (1968) who found 
between 4% and 30% covered by epigrowth. Each sand grain is populated by 1.2 × 104 to 1.1 
× 105 cells (according to Eq. I; grain size 202 μm to 635 μm). Similar numbers are obtained 
for dividing total cell numbers cm-3 by number of sand grains cm-3 which resulted in 8.2 × 103 
to 2.6 × 105 cells per grain (according to Eq. II and III).  
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Visualization of microbial populations on sand grains 
The major aim of this study was to go beyond the bulk sediment level. For this purpose, 
individual sand grains were embedded with mounting medium containing SYRB green I and 
placed on a customized glass slide for inverse laser scanning microscopy. This procedure 
enabled us to identify microbial epi-growth directly on the sand grains and to assess microbial 
colonization patterns (Figure 2A-D). Several decades ago, microbial colonization of sand 
grains was documented by sketches of light microscopy observations (Meadows and 
Anderson, 1968) or studied by autofluorescence of chlorophyll (Wood and Oppenheimer, 
1962). Later, scanning electron microscopy (SEM, Weise and Rheinheimer, 1978; Kenzaka et 
al., 2005; D'Onofrio et al., 2010) and epifluorescence microscopy (DeFlaun and Mayer, 1983) 
was used to study microbial life and physical interactions of cells on sand grains. SYBR green 
I staining in combination with inverse confocal laser scanning microscopy (CLSM) performed 
in this study, however, provides three major advantages over SEM despite a lower resolution: 
i) it does not require a long or complex sample preparation, ii) it allows the differentiation 
between cells and organic debris, and iii) it enables images of whole sand grains.  
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In general, all common microbial morphotypes such as cocci, short and long rods as well 
as filaments could be visualized on the sand grain indicating a morphological diverse 
community (Figure 2B, C). Observed filaments were up to 100 μm long. Confirming our 
theoretical calculations made above, we found only parts of the sand grains’ surfaces 
colonized by microorganisms (Figure 2A, D). Detected cells did not grow in a biofilm-like 
structure but grew as a monolayer. Based on our images, cell-cell distances were between 0 
and 10 μm, thus confirming the calculated value of 3.3 μm. Similar to previous reports 
(Meadows and Anderson, 1968; Weise and Rheinheimer, 1978; DeFlaun and Mayer, 1983), 
microbial growth was preferentially found in well-protected areas of the sand grains. Products 
of weathering such as cracks, depressions, fissures, and indentations provide a sheltered space 
for microbial life to colonize. In contrast, naked, unpopulated grain surfaces were identified as 
exposed and convex areas using transmitted light microscopy. Mechanical abrasion due to 
frequent and strong sediment transport processes (Meadows and Anderson, 1968; Miller, 
1989) and pore-water advection (Ahmerkamp et al., 2017), both typical processes in surface 
sediments, are likely responsible. Undisturbed sediments in laboratory settings, however, are 
readily colonized on exposed and convex surfaces (Meadows and Anderson, 1968; Miller, 
1989) as it has also been observed for slow sand filter surfaces (Joubert and Pillay, 2008). 
Observed bare surfaces may, therefore, indicate a dynamic regular reworking of studied 
sublittoral surface sediments preventing the development of bacterial growth on exposed 
areas. Another cause for bare surfaces may be grazing through eukaryotic predators, which 
may not reach into well-protected areas of small indents.  
 
Bacterial diversity on single sand grains versus diversity in bulk sediment. 
The bacterial diversity and community composition on individual sand grains was studied 
by Illumina tag sequencing of the V3-V4 region of 16S rRNA genes. For individual PCRs, we 
used a single sand grain (SSG) as template. In total, 17 SSG-PCR products (of 22 SSG-PCRs) 
were obtained for sequencing. After rigid quality trimming, we obtained between 44,901 and 
58,769 sequences for each of the 17 sand grains. 
Each grain harbored a tremendous bacterial diversity as shown by 3,428 to 6,031 observed 
species-level OTU0.97 (Supplementary Table S2). Interestingly, the estimated OTU0.97 richness 
was very similar among SSG (Chao1: 8,433± 1,334) and independent of their grain size 
which ranged between 150 and 1000 μm for the used grains. The contribution of each OTU0.97 
to individual sand grain communities, however, was more variable as estimated by an inverse 
Simpson index of 87± 27. 
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The high diversity of bacteria on sand grains is in line with the diversity of attached-living 
microorganisms studied in other small-scale habitats: While estimated bacterial OTU0.98 
richness was lower on limnic aggregates (Chao1: 1,296-2,476) it was higher on marine snow 
(Chao10.98: 11,693-16,421, Biži?-Ionescu et al., 2015). 
For comparison, the diversity in Helgoland Roads bulk sediment was analyzed by 
sequencing of PCR products from DNA extracted from >300 sand grains (per extraction). We 
retrieved 75,134, 129,394 and 137,585 quality-trimmed sequences for samples bulk1 to bulk3 
(Supplementary Table S2). Diversity values for the three replicate datasets from bulk 
sediments were very similar with 6,769 to 6,911 observed OTU0.97 and 12,901 to 13,664 
estimated OTU0.97. 
A comparison of bacterial diversity on SSG and in bulk sediments showed that individual 
sand grains harbored between 27% (SSG4) and 41% (SSG17) of all OTU0.97 present in bulk 
sediment. By sequencing of only four of the most diverse and eight of the least diverse sand 
grains (Supplementary Table S2), already 50% of the OTU0.97 richness found in bulkpooled was 
covered (Supplementary Figure S3). By sequencing of 17 sand grains, we covered 71% of 
OTU0.97  found in bulkpooled, thus describing the major part of total diversity in several grams 
of sediment. 
 
Core community on sand grains 
The core community, that was present on all 17 sand grains, comprised 394 OTU0.97. 
Although these core sequences represented only 1.7% of the total observed OTU0.97, they 
made up one-half to two-thirds of total sequences retrieved from each sand grain (Figure 3). A 
large core community is a common phenomenon observed for marine microbial communities. 
Seasonal sampling at the long term monitoring site L4 in the English Channel (Gilbert et al., 
2009) or at a tidal sandy beach in the North Sea (Gobet et al., 2012) both showed a resident 
core community comprising only 0.5% of the total OTUunique diversity but 50% of the 
sequence reads (Gilbert et al., 2009) and the top-abundant OTUunique respectively (Gobet et 
al., 2012). 
Taxonomic classification of the 394 core community OTU0.97 revealed 82 family-level 
clades distributed within the entire domain Bacteria (Figure 3). Major core community 
members were gammaproteobacterial Woeseiaceae/JTB255 (10% to 21% of total sequences 
retrieved from a single sand grain), Ectothiorhodospiraceae (0.1% to 16%), and clade BD7-8 
(0.9% to 6%), bacteroidetal Flavobacteriaceae (2% to 23%) and Saprospiraceae (0.6 to 6%),
planctomycetal Planctomycetia (0.7% to 7%) and Phycisphaerae (0.08% to 0.7%), 
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deltaproteobacterial Desulfobacteraceae (0.08% to 4%) and Sandarinaceae (0.1% to 2%), 
acidobacterial clade Sva0725 (0.5% to 2%), actinobacterial clade OM1 (0.6% to 7% of total 
sequences) and Sva0996 (0.4% to 4%), alphaproteobacterial Rhodobiaceae, 
Rhodobacteraceae and Rhodospirillaceae (0.2% to 2%) as well as Nitrospiraceae of the 
phylum Nitrospira (0.3% to 5%).  
Mapping the sand grain core community on the total diversity found in bulk sediments 
indicated a similar dominance in the three datasets bulk1 to bulk3. More than 50% of total 
bulk sediments sequences could be assigned to the sand grain core community. Two major 
quantitative differences were observed: Woeseiaceae/JTB255 was more frequently retrieved 
from single sand grains compared to bulk sediments (average 15% vs. 6%). Vice versa, 
Planctomycetes were more abundant in the data sets from bulk sediments (2% vs. 7%). These 
mismatches may be explained by different efficiencies of cell lysis during SSG-PCR and the 
extraction procedure of DNA from bulk sediments. 
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Our data show that major core community members are metabolically diverse and involved 
in sulfur, nitrogen and carbon cycling. Thus, every single sand grain independent of its size 
and mineralogy provides a habitat for a diverse microbial population. For example, 
Woeseiaceae/JTB255 and Ectothiorhodospiraceae (mainly genus Thiogranum) are known as 
lithotrophic sulfur-oxidizers (Mori et al., 2015; Dyksma et al., 2016b). Woeseiaceae/JTB255 
were also reported to account for 10% of bacterial dark carbon fixation in coastal surface 
sediments (Dyksma et al., 2016b) and to use oligo- or polysaccharides as indicated by 
genomic data (Mußmann et al., 2017). This clade dominated all sand grains except SSG4, 
SSG8, SSG13, where Ectothiorhodospiraceae or Flavobacteriaceae were most sequence-
abundant. One of the Woeseiaceae OTU0.97 found on all sand grains accounted for about a 
quarter to one-half (26% to 55%) of total Woeseiaceae/JTB255 sequences. Most sulfate-
reducing bacteria were affiliated with the deltaproteobacterial clade Sva0081 
(Desulfobacteraceae). Its frequent retrieval from oxic surface sediments together with 
genome-encoded defense mechanisms against oxidative stress (Mußmann et al., 2015) 
suggests a particular adaptation to frequent changes in environmental oxygen concentrations. 
A remarkable part of the core sequences was linked to nitrogen cycling: betaproteobacterial 
ammonium-oxidizers of the Nitrosomonadaceae (Prosser et al., 2014, and references within) 
made up 0.1% to 2% of total sequences. Candidates for nitrite oxidation were Nitrospiraceae 
(up to 5%), mainly represented by genus Nitrospira (Watson et al., 1986). Members of 
Nitrospira have recently been reported to completely oxidize ammonia to nitrate independent 
of any microbial partners (Daims et al., 2015; van Kessel et al., 2015). Major players in the 
core community for benthic remineralization of organic carbon were Bacteroidetes and 
Planctomycetes. On genus level, Flavobacteriaceae were represented by Aquibacter (11% to 
53% of Flavobacteriaceae sequences), Maribacter (4% to 38%) and other clades. Cultured 
Aquibacter species use a wide spectrum of organic acids and carbohydrates including mono- 
to oligosaccharides (Hameed et al., 2014). Extracellular activities of peptidases and glycoside 
hydrolases indicated that members of Maribacter may additionally initiate organic carbon 
degradation (Nedashkovskaya et al., 2004; Cho et al., 2008; Lo et al., 2013; Jung et al., 2014; 
Kim et al., 2016b). The dominance of Maribacter and Aquibacter found in the sand grain core 
community is in contrast to findings for sublittoral sediments of water depths >18 m where 
Lutibacter and Eudoraea were dominating Flavobacteriaceae (chapter I). Eudoraea was part 
of the sand grain core community as well, however, only at abundances of <0.2% of total 
sequences. Detected benthic Planctomycetes are likely involved in the degradation of 
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recalcitrant and complex organic material, such as sulfated polysaccharides (Glöckner et al., 
2003; Wegner et al., 2013; Kim et al., 2016a).  
 
Bacterial non-core community on sand grains 
On each sand grain, the non-core community comprised few thousands of OTU0.97 
contributing one-third to one-half of total sequences (Supplementary Figure S4) suggesting an 
enlarged metabolic potential of the bacterial community on sand grains. Although the non-
core community did not comprise additional major phyla, 290 more family-level clades were 
detected. In bulk sediments, additional 257 family-level clades were detected that were not 
represented by the sand grain core community. 
The non-core OTU0.97 mainly represented the ‘rare biosphere’ (Sogin et al., 2006), as 
defined by a relative sequence abundance of < 0.01% (Galand et al., 2009). Part of this rare 
biosphere might be explained by amplification of free DNA which was reported to be 
abundant in marine sediments (Torti et al., 2015). Other parts of the rare biosphere might 
increase their relative abundances upon environmental changes. Regardless, it offers 
specifically adapted ecotypes with diverse physiological capabilities supplementing the core 
community. 
 
In situ identification of microbial communities on sand grains 
As a final step, CARD-FISH was applied on sand grains to visualize the detected core 
community members. Although SYBR green I staining of total cells showed bright signals, it 
was necessary for CARD-FISH to replace it by DAPI. The green-emitting dyes were needed 
for tyramide labeling due to their high sensitivity. CARD-FISH was done in a reaction tube 
with hybridization buffer containing ca. 100-500 sand grains. Up to four different HRP-
labeled probes could successfully be applied in consecutive hybridizations without noticeable 
loss of signal intensity. Monolabeled and tetralabeled probes (except for Planctomycetia), did 
not work on sand grains due to low brightness. Used tyramides were labeled with the standard 
dyes Alexa488, Alexa594 or Alexa647. For visualization of a fourth target group, we mixed 
Alexa488 and Alexa594 in an equimolar ratio for amplification, resulting in mixed-color 
signals. All targeted cells showed a comparably bright signal with both dyes, therefore, false 
positive cells showing only either of the colors can be excluded. 
CARD-FISH on sand grains enabled the identification of phylogenetically diverse bacterial 
and archaeal clades directly in their natural habitat. The greatest advantage is the abdication of 
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dislodging cells from grains which is the standard procedure for hybridization of microbial 
populations in sandy sediments (Ishii et al., 2004). Therefore, CARD-FISH on sand grains 
allows the detection of microbe-microbe interactions not only in tight aggregates which often 
sustain sonication but also of potential interactions of loosely associated cells.  
Numerous large cells were observed on the grains that colonized nearly exclusively larger 
indents. They showed autofluorescence at >600 nm upon excitation at 561 nm or 633 nm. 
Using the Eukarya-specific probe EUK561 these cells were identified as microalgae 
(Supplementary Figure S5A). In very close proximity we found not further identified Bacteria 
and Archaea. The major part of archaeal cells was coccoid or sarcina-like and between 
0.2 μm and 0.5 μm in size (Figure 4A, Supplementary Figure S5B, C). They nearly 
exclusively occurred as aggregates of up to 10 cells that were identified as Thaumarchaeota. 
This is supported by metatranscriptomic 16S rRNA datasets obtained from this sampling site 
(Probandt, unpublished data) which revealed ammonia-oxidizing Thaumarchaeota 
"Candidatus Nitrosopumilus"-related organisms as a dominant fraction of the archaeal 
community (52% to 78% of total archaeal 16S rRNA sequences). Ammonia-oxidizing 
prokaryotes can occur co-aggregated with nitrite-oxidizing bacteria (for example in 
wastewater treatment system, Arp and Bottomley, 2006). Based on our sand grain core 
community, Nitrospira is a candidate for nitrite oxidation as well as complete oxidation of 
ammonia to nitrate (Daims et al., 2015; van Kessel et al., 2015). Its capability of completely 
oxidizing ammonia to nitrate may explain why Nitrospirae cells were not associated with 
potentially ammonia-oxidizing Archaea nor any other cells. 
 
 
 
 
Figure 4: Direct visualization of core community taxa on sand grains using CARD-FISH 
and laser scanning microscopy. Target groups are indicated in the individual panels. Colors 
of target group refer to the corresponding cells. DAPI signals (in blue) show all cells not 
targeted by the probes. All fluorescent images (except for panel C) were overlaid by a 
transmitted light image of the sand grain’s surface. Micrograph C and D are identical 
acquisitions: without (panel C) and with an overlay of sand grain’s surface. Probes used are 
listed in Supplementary Table S1. 
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By far the majority of cells on sand grains could be identified as Bacteria. Based on the 
sand grain core community we used a set of specific oligonucleotide probes targeting the most 
abundant benthic bacterial clades such as Planctomycetia, Phycisphaerae,
Gammaproteobacteria, Bacteroidetes, Woeseiaceae/JTB255, clade Sva0081, the 
Desulfococcus/Desulfosarcina branch of Deltaproteobacteria as well as Nitrospirae. 
Colonization pattern of targeted core community taxa was rather scattered on sediment grains. 
Cell-cell interactions of the targeted taxa were not obvious. 
Gammaproteobacteria were most dominant including Woeseiaceae/JTB255, 
Planctomycetes and Bacteroidetes (Figure 4B-F). Members of these clades were observed as 
single cells or microcolonies. Rod-shaped or coccoid Woeseiaceae/JTB255 cells accounted on 
most sand grains for estimated 5% of total cells. This supports previous quantifications done 
on membrane filters showing an abundance of 3% to 6% of total cells in several coastal 
surface sediments (Dyksma et al., 2016). Cells identified as Planctomycetia were found in 
close association with benthic micro-algae. Here, heterotrophic Planctomycetia may profit 
from leaking energy-rich carbohydrates (Hoagland et al., 1993). However, numerous 
Planctomycetia were also found isolated from organic substrate-rich indents.  
 
In conclusion, each sand grain investigated in this study has been the habitat for 105 cells 
representing several thousand species. The average distance between any two cells on a sand 
grain was estimated to be 3.3 μm and therefore 30-fold smaller than the average distance of 
cells in the water column. Falsifying our original hypothesis, the community composition of 
single sand grains was highly similar with respect to bacterial core families. Each grain hosted 
a high microbial diversity accounting for 27-41% of the diversity found in bulk sediment and 
encompassed a high metabolic diversity. In permeable surface sediments characterized by 
fluctuating redox conditions and substrate availabilities, a highly versatile microbial 
community is colocalized on each single sand grain. Our data suggest that from each of these 
small microbial repositories the major cycles of carbon, nitrogen and sulfur transformations 
typical of marine benthic habitats could be reconstituted.  
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Supplementary Materials and Methods 
Micro-computed tomography (μCT) 
For micro-computed tomography, we subsampled the centre of undisturbed sediment from 
large push cores (diameter 40 mm) with a polyethylene (PE) cylinder (14 mm diameter × 
30 mm height). Cylinders were gently pushed through an alignment adapter by 20 mm 
allowing a centered and straight generation of subsamples. The filled PE cylinders were 
placed on a permeable bandage and fixed on a custom-made rack in a sealed plastic container 
to prevent tipping over and allow liquid exchange from the bottom of the samples. The 
cylinders were filled with glass beads from the top to minimize resuspension effects of the 
sediment surface. Samples in PE cylinders were dehydrated in a graded series of acetone 
(70%, 80%, 90%, 100%, 100% acetone). All solutions were added to the bottom of the 
container ensuring the entire replacement of the pore space. Samples in PE cylinders were 
resin impregnated in a desiccator under vacuum (220 mbar) using a polyester resin as 
previously described (Eickhorst and Tippkötter, 2008). After polymerization (28 days) 
samples were removed from the PE cylinder and the base was polished orthogonal to the 
sampling axis. X-ray μ-CT visualization was performed using scanning facilities at the 
Department of Geosciences, University of Bremen, Germany (CT-ALPHA, ProCon, 
Germany). Scan settings were optimized for the visualization of the resin-filled pore space 
and the inorganic sediment matrix at a resolution of 6.216 ?m per voxel. Radiographs were 
reconstructed into a three-dimensional volume using VOLEX (Fraunhofer IIS, Germany) and 
volume rendering and image extraction was done using Avizo 9.0.1 (FEI, USA). Horizontally 
orientated μCT 2D images were subjected to local means 2D filter (Sigma 5) using FIJI. Stack 
dataset was analyzed using AMIRA (v. 6.3, FEI, The Netherlands) after manual thresholding 
and segmentation into clearly separable pore space and solid phase. Solid phase surface was 
calculated and related to one cm3. For analysis of sediment porosity , grey-scale image stacks 
were segmented into binary images and processed with the fully automated Adaptive Window 
Indicated Kriging algorithm as described (Houston et al., 2013). 
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Abstract
Benthic microorganisms in permeable sediments contribute strongly to the degradation of 
organic matter in coastal seas. Here we present insights into the identity and functions of the 
active microbial community during a spring phytoplankton bloom by sequencing of total 
RNA. Triplicate samples from surface sediments (0.5-2 cm) at three sampling events and once 
from a deeper sediment layer (5-6 cm) were retrieved. Transcripts were taxonomically 
(rRNA, silvaNGS) and functionally (mRNA, Pfam) analyzed. The community composition 
was similar across all samples and dominated by a diverse bacterial community (66-76% of 
total rRNA). Benthic diatoms were present at all sampling dates and depths. Prominent 
bacterial clades were Gammaproteobacteria (Woeseiaceae/JTB255, Sedimenticola), 
Deltaproteobacteria (Haliangium, Sva0081) and Planctomycetes (Rhodopirellula, 
Blastopirellula, clade OM190). Verrucomicrobia and Bacteroidetes (Saprospiraceae) were 
also detected. Relative mRNA transcript composition did not differ significantly between 
sampling dates or sediment depths. Photosynthesis-related genes were dominant (36-53% of 
total mRNA) suggesting local organic matter production. Among the detected glycoside 
hydrolase families GH109, GH23, GH3, GH16 and GH73 were most abundant. This suggests 
active N-acetylgalactosamine utilization as well as laminarin and cell wall degradation. The 
majority of all GH109 transcripts were assigned to the Planctomycetes suggesting their 
prominent role in the degradation of complex organic matter. Results are still based on a 
preliminary analysis. Nonetheless, we showed that in contrast to the bacterioplankton, the 
benthic community activity was surprisingly stable. Conditions in sediments are less dynamic 
and organic matter supply from benthic microalgae may be at the site of this study as relevant 
as input of organic matter from the overlaying water column.  
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Introduction
Coastal areas account for 25% of the total global marine primary production (Jahnke, 
2010). Due to the shallowness of the water column, 20% to 50% of photosynthetically fixed 
organic matter reaches the sediments (Jørgensen et al., 1990; Wollast, 1998). In the 
sediments, organic matter is remineralized by the benthic community. Contribution of the 
microbial community to organic matter remineralization is particularly dominant in 
permeable, sandy sediments (Bühring et al., 2006; Franco et al., 2010), which constitute an 
estimated 50% - 70% of coastal sediments (Emery, 1968).  
Sediment permeability describes the ability of water to percolate the pore space of 
sediments. Thus, a sediment of high permeability is efficiently supplied with bottom water 
and solutes, such as oxygen, nitrate and organic matter. Microbial degradation of fresh and 
labile organic matter with favorable electron acceptors (O2 and NO3-) allows for a high energy 
gain and thus high microbial turnover of organic matter (Boudreau et al., 2001; Huettel et al., 
2014). A major fraction of the organic matter consist of algal-derived polysaccharides, such as 
the storage compound laminarin (Alderkamp et al., 2007), but also of proteins and lipids 
(Ortega-Calvo et al., 1993).  
The microbial utilization of the polysaccharides can be studied by investigating the 
genome-encoded enzymes necessary for their degradation. The so-called carbohydrate active 
enzymes (CAZymes) encompass several enzyme families involved in the conversion of 
carbohydrates. For the degradation of complex organic matter, such as polysaccharides, 
glycoside hydrolases (GH) are of particular interest. Many of these enzymes are extracellular 
where they cleave polysaccharides into oligosaccharides and smaller fragments which then 
can be taken up into the cells. Glycoside hydrolases are classified into 145 GH families based 
on their sequence similarity (www.cazy.org; accessed May 30th, 2017). Enzymes categorized 
as one family largely share similar catalytic traits and may serve as a proxy of which 
substrates are present. 
Extracellular activities of glycoside hydrolases have been reported in bulk sediments from 
the deep-sea (Boetius and Lochte, 1994, 1996), sublittoral continental shelf (Rusch et al., 
2003; Arnosti et al., 2009; Teske et al., 2011), permeable (Böer et al., 2009; Gobet et al., 
2012) and impermeable (Lavergne et al., 2017) tidal sediments. These studies revealed that 
the benthic community has the potential to cleave a diverse spectrum of polysaccharides 
composed of different sugar units, linked through ?- or ?-bonds. Even recalcitrant sulfated 
polysaccharides could be depolymerized. Using metagenomic binning approaches, GH were 
shown to be particular abundantly encoded in the genomes of environmentally relevant 
Chapter III: Metatranscriptomics in sandy sediments during a spring phytoplankton bloom 
87 
benthic microbial community members Bacteroidetes, Planctomycetes and 
Gemmatiomonadetes (Baker et al., 2015). Whether and under which conditions these genes 
are transcribed is largely unknown. In addition, metagenomic binning usually only works for 
a minor fraction of the thousands of bacterial taxa found in marine sediments (Gobet et al., 
2012; Newton et al., 2013; Liu et al., 2015b). In contrast to metagenomic data, 
metatranscriptomic datasets reflect the activity of the total community in response to present 
environmental conditions. A metatranscriptome derives from the active microbial taxa and 
thus, only reflects actively transcribed genes. A comparison across contrasting environmental 
conditions can, therefore, help to identify functional responses and active microbial clades.  
In the context of organic matter degradation, most contrasting environmental conditions 
are found at the transition time from winter to spring months. In winter months, waters are 
rich in nutrients but low irradiance and temperature limit phytoplankton growth. With the 
onset of spring, strong phytoplankton blooms develop and provide organic matter to the 
microbial community (Teeling et al., 2012). Using 16S rRNA gene tag sequencing, 
metagenomics and clade-specific cell quantification, the bacterioplankton in the southern 
North Sea was shown to react distinctively and specifically during spring phytoplankton 
blooms (Lucas et al., 2015; Teeling et al., 2016). Distinct genera of the Flavobacteriia 
(Bacteroidetes) and Gammaproteobacteria bloom successively and reach cellular abundances 
of up to 25% (Teeling et al., 2012; Teeling et al., 2016). Along with that, abundances of 
CAZymes in the metagenomic dataset increase, reflecting the functional response of the 
bacterioplankton to the phytoplankton-derived availability of organic matter.  
The microbial genomic repertoire allowing for degradation of organic matter in surface 
sediments is not well understood and only covered by few studies (Smith et al., 2015; 
Thureborn et al., 2016). We, therefore, selected a sampling site for which the bacterioplankton 
dynamics have been examined extensively (Wiltshire et al., 2010; Teeling et al., 2012; Lucas 
et al., 2015; Teeling et al., 2016) and studied the benthic metatranscriptome with a focus on 
the degradation of phytoplankton-derived organic matter. We expect the benthic community 
to exhibit similar dynamics as reported for the bacterioplankton. Therefore, we hypothesize 
that in the course of the spring phytoplankton bloom, i) the taxonomic composition of the 
most active community changes, ii) the transcription of CAZymes-encoding genes allows a 
separation of pre-bloom, bloom and post-bloom phases and iii) the response of the microbial 
benthic surface community is different from those in deeper sediment depth layers. 
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Methods
Sampling site and sampling procedure 
Subtidal surface sediment samples were retrieved from sampling site Helgoland Roads 
(HelRoads). Site HelRoads lies 40 km off the German North Sea coast between the Island of 
Helgoland and Duene (54° 11.3’ N, 7° 54.0’ E). Sediment samples could only be taken 200 m 
east of the long-term ecological research station Kabeltonne, which has been subject of 
numerous studies (e.g. Wiltshire et al., 2010; Teeling et al., 2012; Teeling et al., 2016). The 
water depth is 8 m. The mean sediment grain size was 349 μm corresponding to a medium 
permeable sediment. The sampling campaign started after the onset of the first phytoplankton 
peak (Supplementary Figure 1). Triplicate sediment push cores (50 mL cut off syringes) were 
obtained by scientific divers on March 17th, April 20th and May 24th in spring 2016. For 
retrieval of undisturbed sediments, cores were pushed vertically into the sediment to retrieve 
sediment cores of ~8 cm length. Sediment cores were stored underwater until retrieval of all 
cores and brought to the lab within 30 minutes of sampling. Upon arrival, samples for total 
RNA extraction were immediately subsampled for surface (0.5 to 2 cm; the first 0.5 cm was 
discarded to reduce seawater contamination) and deep (5 cm to 6 cm) sediment depth layers. 
A sediment sample of each depth layer was placed on a petri dish, quickly but thoroughly 
homogenized, snap frozen in liquid nitrogen and stored at -60 °C until further processed. 
 
RNA extraction and sequencing 
Total RNA was extracted from each sediment core replicate by the Vertis Biotechnologie 
AG (Freising, Germany) using the RNeasy RNA isolation kit (Qiagen, Hilden, Germany) 
including DNase treatment. The Illumina stranded RNA library preparation protocol was 
followed according to the manual provided for the TruSeq stranded RNA kit, with the 
following modifications: The rRNA depletion step was omitted and the treatment with RNA 
fragmentation solution was shortened to 2 minutes (instead of 8 min) to obtain longer RNA 
fragments. The cDNA was constructed using random primers. The transcribed cDNA 
fragments were in the range of 150 nt to 450 nt length. From the prepared total RNA libraries, 
fragments with insert sizes between 230 nt and 450 nt were extracted from a preparative gel 
and used for sequencing. All 12 libraries were pooled equally and sequenced in three 
consecutive Illumina HiSeq Rapid v2 runs, in single read mode (250 nt). 
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Sequence processing and functional annotation of mRNA 
Separate sequence files were quality trimmed using bbmap (bbduk forcetrimleft=14 
forcetrimright=2 Bushnell, 2017) to remove terminal bases of low quality. Afterwards all 
separate runs of one RNA sample were combined and sorted to mRNA and rRNA pools 
(SortMeRNA  --best 1 Kopylova et al., 2012) using the prokaryotic 5S, 23S and 16S and 
eukaryotic 5S, 5.8S, 28S and 18S SILVA REF rRNA (Quast et al., 2013) and Rfam 5S and 
5.8S databases (Nawrocki et al., 2015), respectively. Only thereafter remaining PhiX 
sequences were removed using bbduk. Prior to functional annotation of mRNA reads, open 
reading frames (ORF) were detected and translated into amino acid sequences (FragGeneScan 
Rho et al., 2010). Overall functional annotation of ORF predicted reads was done against the 
Pfam reference database version 28 using UProC (Meinicke, 2015). Using Gene Ontology 
annotations and a customized R-Script (C. Hasenrück; https://github.com/chassenr), the Pfam 
hits were assigned to Gene Ontology categories of biological processes. For annotation of 
carbohydrate active enzymes (CAZymes) we used hmmsearch and the dbCAN reference 
database (2015 Yin et al., 2012). Only those reads that represented at least 30% of the 
CAZyme hidden Markov model and an e-value lower than 1×10-3 were considered. 
 
rRNA sequence processing and taxonomic classification 
The pool of total rRNA sequences was quality trimmed (bbduk, trimq=21, 
minlength=200). To extract 16S rRNA and 18S rRNA sequences, the total rRNA pool was 
split into 16S and 18S rRNA and remaining rRNA using SILVA REF rRNA datasets and 
SortMeRNA as described above. Subsequently, 60,000 rRNA reads for each sample were 
submitted to SILVAngs (Quast et al., 2013) for classification. As rRNA sequences were not 
amplified using specific primer sets, all unique sequences were classified. No OTU clustering 
was performed. 
 
Taxonomic classification of transcript reads 
The ORF predicted mRNA were aligned against the NCBI GenBank protein database (v. 
November 2016) using diamond (Buchfink et al., 2015). The consensus taxonomy was based 
on the taxonomic information affiliated with proteins, the transcripts had aligned to. The 
taxonomy was extracted using MEGAN (v6, Huson et al., 2007).  
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Results and Discussion 
Bioinformatic processing and mRNA enrichment 
Sequencing of total RNA from all three separate sequencing runs resulted in 78,595,433 to 
93,938,433 reads per sample (Table 1). After removal of ribosomal RNA and remaining 
contaminating PhiX sequencing control, 4,490,476 to 13,171,161 mRNA reads were left. Of 
those, between 84% to 88% could be open reading frame (ORF) predicted and translated into 
an amino acid sequence. Using ultra-fast protein domain classification (UProC) against the 
Pfam database (v28), only 14% (May_1deep) to 19% (March_3) of all mRNA reads could be 
annotated (668,599 to 1,253,271 reads). The sample April_1 was an outlier, for which only 
9% were annotated resulting in 1,226,858 reads, thus being in the range of remaining samples. 
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Diversity of the active microbial community  
To unravel the identity of the most active bacterial, archaeal and eukaryotic community 
members, available total rRNA was sequenced. Sequencing of total rRNA as an assessment 
tool for the microbial community has major advantages over amplification and sequencing of 
the 16S rRNA gene diversity: The rRNA sequences only reflect the community that is 
actually present, while 16S rRNA gene diversity studies may also reflect naked DNA (Torti et 
al., 2015). Moreover, relative rRNA levels in cells correlate with overall mRNA level and 
thus the metabolic activity of cells (Poulsen et al., 1993). The relative contribution of a clades 
rRNA level to the total rRNA pool, therefore, serves as estimation for its activity and its 
numerical abundance. Although regulation of the rRNA level might be less pronounced for 
microbes in environmental settings (Blazewicz et al., 2013), the sequencing of rRNA is one of 
the most comprehensive tools for the description of microbial communities. Subsequently, we 
henceforth refer to active microbial clades. 
Of the total small subunit rRNAs 66% to 76% were of bacterial, 2% to 8% of archaeal and 
16% to 24% of eukaryotic origin (Table 1). These values were similar for triplicates of 
samples retrieved on different days and sediment depths. Only one of the triplicate samples, 
obtained in April (April_1), contained vastly more eukaryotic rRNA (49%; Table 1), and 
consequently less prokaryotic rRNA (37%).  
In Figure 1, the relative contribution of dominant eukaryotic taxa to total eukaryotic 
18S rRNA sequences is displayed. The contribution across samples was uneven. In each of 
the two samples April_1 and May_3, single taxa dominated the eukaryotic sequences. There 
were Actiniaria (62%) and Spionida (31%) for April_1 and May_3, respectively.  
For all other samples except April_1 and May_3, Diatomea was most dominant. They 
contributed more in March (50% ±1.6) than in April (40% and 43%) and May (39% ±0.9). 
Relative contribution in the deeper sediment depth layer in May (35% and 39%) was similar 
to the upper sediment depth layer (39% ±0.9). Within the Diatomea, contribution of the 
Bacillariophyceae dominated. It was more even in triplicate samples obtained from 
uppermost sediment depth layer on different days with 66% ±1 (March), 64% ±1 (April) and 
70% ±2 (May), than in triplicates from the deeper sediment depth layer with 75% ±9 
(March_deep). 
Actiniaria is a predatory taxon of the Eumetazoa also known as sea anemone. Members of 
the Actiniaria are commonly found at European coasts including the North Sea (Schmidt, 
1971). High proportion of rRNA contributed from an Actiniaria member may derive from 
eggs or from an early development stage polyp. These are several mm to cm in size and were 
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The diversity within the Archaea was low. On each sampling data and depth on average 
(SD 0-0.6) only six to seven genus level clades were present (full taxon path). The phylum 
Thaumarchaeota contributed at least 80% to total archaeal rRNA sequences. Within the 
Thaumarchaeota, the vast majority of sequences was assigned to a sole genus: “Candidatus 
Nitrosopumilus”. It contributed 62% - 71% to total archaeal sequences. “Candidatus 
Nitrosopumilus” is an aerobic chemolithoautotrophic ammonia-oxidizing genus (Könneke et 
al., 2005) found in the water column (Bayer et al., 2016) and in marine sediments (Park et al., 
2012). Its dominance within the archaeal community has been reported for a shallow 
permeable sediment before, where it was also the most active ammonia-oxidizer (Hassenrück, 
2016). Ammonia oxidation is a prominent process in permeable sediments (Tait et al., 2015), 
to which “Candidatus Nitrosopumilus” may contribute significantly. Remaining Archaea 
were largely related to the Bathyarchaeota (1% to 8% of total Archaea) and the 
Woesearchaetoa (1% to 3%). 
With 488 ±13 (March), 472 ±68 (April), 528 ±14 (May) and 512 ±23 (May_deep) genus-
level clades, we found the active bacterial community to be much richer than the Archaea. 
Analysis of similarity indicated similar community composition across different sampling 
dates (R= 0.6-0.7, p= 0.09-0.10) and sediment depth layers (R= -0.04, p= 0.54). Henceforth 
reported relative contributions of taxa to total rRNA transcripts therefore display the range 
across all rRNA samples sequenced in this study. On class level, most sequences were related 
to Gammaproteobacteria (27% to 32%), Deltaproteobacteria (14% to 17%) and 
Alphaproteobacteria (4% to 7%) of the phylum Proteobacteria, Planctomycetia (4% to 6%), 
clade OM190 (3% to 5%) and Phycisphaerae (2% to 3%) of the phylum Planctomycetes, 
Holophagae (2% to 4%) of the phylum Acidobacteria and at lower relative sequence 
abundances Sphingobacteriia (0.3% to 2%) and Flavobacteriia (1% to 2%) of the phylum 
Bacteroidetes. The summed contribution of all detected members of the phylum 
Actinobacteria detected together only between 0.5% and 1% to total bacterial 16S rRNA 
sequences. For a more thorough phylogenetic resolution, genus- or family-level clades that 
were among the top 25 active clades in any given sample are displayed in Figure 2. These 
were for example Nitrospirae genus Nitrospira (0.9% to 1%), Planctomycetes genera 
Blastopirellula (1% to 1.7%), Rhodopirellula (2% to 3%) and Planctomyces (0.4% to 1%), 
family-level clade Urania-1B-19 (1% to 2%), Deltaproteobacteria genus Haliangium (0.6% 
to 1%) and family-level clade Sva0081 (3% to 4%), Gammaproteobacteria genera 
Sedimenticola (1% to 2%), Thiogranum (0.8% to 2%), Granulosicoccus (0.9% to 2%) and 
uncultured genera of family Thiotrichaceae (2% to 3%) and family-level clade 
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Woeseiaceae/JTB255 (3% to 5%) as well as Acidobacteria clade Sva0725 (1% to 2%). 
Representatives among the most active clades of the phylum Bacteroidetes were uncultured 
genera of the family Saprospiraceae (0.6% to 1%). Moreover it was Verrucomicrobia clades 
DEV007 (0.5% to 2%) and WCHB1-41 (0.6% to 2%). Relative contribution to bacterial 
rRNA of clades DEV007 and WCHB1-41 in May were significantly greater than in March 
(paired t-test, p<0.048 and p<0.028).  
Members of the Nitrospira have recently been described to be capable of complete 
chemolithotrophic oxidation of ammonia to nitrate (Daims et al., 2015; van Kessel et al., 
2015) and could, therefore, compete for ammonia with archaeal “Candidatus 
Nitrosopumilus”. Other chemolithoautotrophic active clades in this permeable surface 
sediments are the sulfur-oxidizing Thiogranum (Mori et al., 2015), Sedimenticola (Flood et 
al., 2015), Woeseiaceae/JTB255 (Dyksma et al., 2016b; Mußmann et al., 2017) and 
Thiothrichaceae. Sulfide concentrations were not measured in this study, but are generally 
low in shallow permeable oxygenated surface sediments (Sørensen et al., 2007). In addition to 
anoxic sediment depth layers rich in reduced sulfur species, sulfide-containing minerals may 
serve as a local source even in oxic sediments. Under reducing conditions, sulfide and 
reactive iron (Fe(II)) can form FeS (iron monosulfide) and FeS2 (pyrite) (Pyzik and Sommer, 
1981). Upon mixing of sediments and exposure to nitrate and oxygen, these minerals can be 
abiotically reoxidized during which process reduced sulfur compounds may be released 
(Thamdrup et al., 1994; Schippers and Jørgensen, 2002). Sulfur-oxidizing bacteria live 
attached to minerals and sand grains (Rusch et al., 2003, Chapter II). Thus, they can directly 
access released sulfur species, explaining their contribution to the most active bacterial clades 
in surface sediments.  
Many clades detected here grow heterotrophically, e.g. family clade Sva0081 (Mußmann et 
al., 2005), genus Granulosicoccus (Park et al., 2014), some even as predators such as 
Haliangium (Fudou et al., 2002). Candidates for heterotrophic degradation of complex 
organic matter whatsoever were largely represented by genera within the Planctomycetes and 
Verrucomicrobia. Planctomycetes are well adapted to the degradation of recalcitrant material, 
such as sulfated algal polysaccharides (Glöckner et al., 2003; Wegner et al., 2013). Most 
relevant clades of the Planctomycetes found in this study were Blastopirellula, Rhodopirellula 
of the class Plantomycetia and clade OM190. Verrucomicrobia are ubiquitously found in 
marine sediments (Freitas et al., 2012) and are likely also involved in the hydrolysis of marine 
polysaccharides (Martinez-Garcia et al., 2012). Clades found here are related to clades found 
in arctic surface sediments involved in the hydrolysis of polysaccharides (Cardman et al., 
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2014). Although members of the Saprospiraceae are described as degraders of complex 
polysaccharides in marine sediments (McIlroy and Nielsen, 2014), their low contribution 
suggests a less prominent role for organic matter degradation here. Moreover, members of the 
Flavobacteriaceae in surface sediments here were not among the top 25 active clades. This is 
in stark contrast to the bacterial community in the water column at site HelRoads, where 
single genera of the Flavobacteriaceae and Gammaproteobacteria contribute up to 30% of 
total cells reflecting an active proliferation (Teeling et al., 2012; Teeling et al., 2016). 
 
 
 
 
 
 
 
 
Chapt
Figure
sequenc
observe
uncultur
128) is d
er III: Metatr
2: Bacteri
ing. Depic
d in any 
ed genera, 
isplayed.  
anscriptomics
al commun
ted are the
given sam
the next tax
 in sandy sedi
ity compo
 genus-lev
ple across 
on level w
ments during
sition in t
el clades t
sampling 
ith classific
 a spring phyt
riplicate sa
hat were a
dates (A) 
ation based
oplankton blo
mples as a
mong the 2
or sedime
 on SILVA
om 
ssessed by
5 most fr
nt depth (
 taxonomy
97 
 
 rRNA 
equently 
B). For 
 (release 
Chapter III: Metatranscriptomics in sandy sediments during a spring phytoplankton bloom 
98 
Highly transcribed genes 
To assess the highly transcribed genes in these permeable surface sediments we looked at 
the most abundant protein families represented in the Pfam annotated genes. For a functional 
overview, transcribed genes were categorized into categories of biological functions provided 
by the Gene Ontology consortium (Table 2). The highest transcribed genes were related to 
photosynthesis (GO:0019684, GO:0009772, GO:0015979 and GO:0009767). These 
photosynthesis genes together accounted most in March (53% ±2). This is 1.3 times more 
than in April (41% ±2) and 1.5 times more than in May (36% ±2). Transcribed genes 
encoding for genes involved in photosynthesis were also detected in the deeper sediment 
depth layer. Average contribution was as high (37% ±11) as for the upper sediment depth 
layer (36% ±2). Other abundantly transcribed genes were related to following categories: 
DNA transcription, translation and protein regulation. Other highly transcribed genes were 
related to transport and carbohydrate metabolism. These findings are in line with previous 
reports. Dominance of photosynthesis- and housekeeping-related transcripts is intrinsic to 
metatranscriptomic datasets from the water column and sediments (Poretsky et al., 2005; 
Gifford et al., 2014; Thureborn et al., 2016). 
For a more thorough analysis, we looked at the relative contributions of single genes to 
total transcripts. Again, single genes associated with photosynthesis and carbon fixation were 
most dominantly transcribed across all sampling dates and sampling depths (Table 3): the top 
five transcribed protein families were related to the large and small chains of the ribulose 
bisphosphate carboxylase (PF00016, PF00101 and PF02788), a photosynthetic reaction centre 
protein (PF00124) and a photosystem II protein (PF00421). Protein family photosynthetic 
reaction centre protein (PF00124) was the highest transcribed gene in all datasets and 
exceeded the transcription of other genes by a factor of 10. Among all transcribed genes, 
PF00124 accounted most. It was 19% ±2 in March, 12% ±1 in April and in 10% ±1 in the 
May data set. Relative contribution in the deeper sediment depth layer in May was 11% ±4. 
For statistical analysis of differences in relative contributions of transcripts, we performed a 
pair wise analysis for transcript data sets (Figure 3). Based on the corrected p-value, 
differences in relative contributions of transcribed genes were described as non-significant. 
We therefore looked at the effect size. The effect size describes the ratio of variability of 
transcript contribution between and within sampling conditions (date or depth) and is plotted 
for each transcript in Figure 3. The greater the value, the more likely the transcript was 
differently abundant. Comparisons between March and April and March and May revealed a 
median effect size of all transcripts of 0.23 and 0.25, respectively. Effect sizes for PF00124 
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Based on the taxonomic classification of transcripts annotated as PF00124, 
Bacillariophyta, also known as diatoms, was the dominant phototrophic taxon in the surface 
sediment obtained in March (March_1). This meets the dominance of eukaryotic diatoms 
reported for the rRNA transcript data set. The diatoms in the eukaryotic rRNA data set and 
stable contribution of cyanobacterial Pleurocapsa suggests that the diatoms were the most 
prominent phototrophs in March, April and May samples as well as in surface and deeper 
sediment depth layers. The detection of transcribed photosynthesis-related genes in surface 
sediments of such shallow depth is not unexpected. Sufficient light reaches the sediment 
surface and photoautotrophs profit from both the sunlight and nutrients in the water and 
released from the sediment (Huettel et al., 2014). At water depths of 27 to 40 m, gross benthic 
primary production accounted for 8% to 100% of the entire water column (Jahnke et al., 
2000). With a shallow water column of only 8 m at the studied site, this value might be very 
similar and thus could explain the high photosynthesis activity.  
Higher contributions of photosynthesis genes in March may be related to the sampling time 
at 7 pm after a full day of intense sunlight for March samples. In contrast, other samples were 
retrieved before 10 am on rather overcast days. Although light penetration into the sediment is 
observed, it usually does not reach deeper than a few millimeters (Kühl et al., 1994). Active 
photosynthesis in a sediment depth of 5 cm to 6 cm is therefore unlikely. A possible 
explanation for transcription levels of photosynthesis genes in a sediment depth of 5 cm to 
6 cm may be the migration of benthic diatoms, as discussed above. Furthermore, mRNA 
turnover in eukaryotic diatoms is much slower than in prokaryotes (Ross, 2001), so that the 
detection of the respective transcript is not necessarily indicating activity. Diatom mRNA 
transcripts related to photosynthesis were also found in surface sediments at 466 m water 
depth (Thureborn et al., 2016). 
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Transcription levels of genes encoding carbohydrate active enzymes  
To specifically target transcribed genes that may be up- or downregulated by changing 
availability of organic matter over time and sediment depth, ORF predicted mRNA reads 
were annotated using the carbohydrate active enzymes (CAZymes) reference database (dbCan 
v. 2015). A total of 1,421 (March_1) to 2,390 (April_3) sequences in samples taken on 
different dates and up to 3,494 (May_deep3) in samples of different sediment depths could be 
annotated as CAZymes. Transcripts detected as CAZymes were related to total mRNA reads. 
Due to the high contribution of eukaryotic mRNA to sample April_1, this samples was not 
considered in the following analysis. Raw data can be found in Supplementary Table S1. 
Relative contribution of CAZymes to total reads averaged over all metatranscriptome samples 
retrieved in this study in descending order was: 1.7 ±0.4 × 10-2% for glycosyl transferases 
(GT), 1.4 ±0.2 × 10-2% for carbohydrate-binding modules (CBM), 8.4 ±1 × 10-3% for 
glycoside hydrolases (GH), 2.5 ±0.5 × 10-3% for carbohydrate esterase (CE), 8.6 ±3 × 10-4% 
for enzymes with auxiliary activities (AA) and 6.6 ±2 × 10-4% for polysaccharide lyases (PL). 
For single modules and protein families, the transcription levels were very variable between 
triplicates and did not depict a trend according to time or sediment depth indicated by a high 
standard deviation (Figure 4A, B). In the following, most transcribed carbohydrate binding 
modules (CBM) and glycoside hydrolases (GH) are presented as averaged values of samples 
taken on different dates and from different depths. For CBM, the genes encoding module 50 
were most abundantly transcribed. The transcription of CBM 50 was two times higher than 
that of CBM 44, 47 and 57, which were the next most transcribed CBM (Figure 4A). At 
minor proportions, we also found CBM13, 14 and 48. Other CBM were at much lower 
transcription.  
For GH we found a total of 14 to 19 GH families represented in any of the samples 
(Supplementary Table S1). The top relative transcribed GH family was GH109. It was 1.5 
times more transcribed than GH23 and twice as often as GH3 (Figure 4B). Other transcribed 
families with a contribution of more than 2.5 × 10-4% of total ORF predicted reads were 
GH16 and 73.  
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metagenomic study of shallow surface sediments from a river estuary detected bacterial 
CAZymes-encoding genes related to fucose degradation (Smith et al., 2015), indicating that 
fucose could be an abundant polysaccharide available for remineralization. 
All of the highly transcribed glycoside hydrolases detected in this study were also among 
the frequent GH detected for the water column (Teeling et al., 2016). The major difference 
detected was the lower relative frequency of GH109 in the water column compared to the 
sediment. Of the highly transcribed GH (109, 73, 23, 16, 3), GH3 and GH16 are related to ?-
glucan degradation. Common ?-glucans in marine sediments are cellulose, chitin and 
laminarin. Particular laminarin, a storage compound in diatoms (Alderkamp et al., 2007), is 
among the most abundant glycans in the marine world (Painter, 1983). The dominance of 
diatoms within the algal community in the water column and the sediment could indicate the 
availability of laminarin as energy rich substrate during this study. The families GH23 and 
GH73 have been associated with cell wall degradation. Enzymes united in these families are 
active on peptidoglycan or chitin. GH73 cleaves the bonds between N-acetylglucosamine 
(GlcNAc) and N-acetylmuramic acid (MurNAc). The high transcription of these GH and, in 
addition to CBM50, may be related to the degradation of such structural components in the 
sediment. The released compound after hydrolysis, GlcNAG, can serve as a nitrogen, carbon 
and energy source and is therefore readily taken up by marine bacteria across the entire 
phylogenetic tree (Riemann and Azam, 2002). However, these GH transcription levels may 
also indicate active internal recycling of bacterial cell walls. In actively growing and dividing 
cells, up to 60% of the peptidoglycan of a cell is recycled (Mayer, 2012). In bacterioplankton 
metagenomes, these GH-encoding genes were among the most frequent genes detected 
(Teeling et al., 2016). The high transcription levels of GH23 and GH73 detected here may 
therefore indicate an active protein machinery for the recycling of peptidoglycan building 
blocks. 
For family GH109, only six proteins have been characterized so far. It is described as a ?-
N-acetylgalactosaminidase, exo-acting on N-acetylgalactosamine (GalNAc) bound by a ?-1,3-
bond to proteins (Bakunina et al., 2002). However, cleavage of GalNAc bound in ?-1,3-, ?-
1,2- and ?-1,4-bonds to sugars and p-nitrophenyl, indicates that its exo-acting mechanism is 
less specific for the linkage and the compound class GalNAc is linked to (Liu et al., 2007). In 
the marine environment, GalNAc is predominantly found in a ?-1,4-linkage to uronic acid, 
forming chondroitin sulfate, which is found largely as proteoglycan in eukaryotes such as the 
cartilage tissue of higher animals. In the marine environment, ?-N-acetylgalactosaminidase 
activity was found in many genera of Bacteroidetes (Arenibacter, Cellulophaga, Formosa, 
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of the Planctomycetia are not only the most active candidates for the depolymerization of 
complex organic matter but also the major contributor of transcribed genes that could be 
annotated to encode for glycoside hydrolases over the time course of the three months 
sampling campaign. 
 
Comparison of benthic and planktonic community dynamics during a spring 
phytoplankton bloom 
Our initial hypothesis was that over the time of a spring phytoplankton bloom, we would 
detect a clear and significant response in identity and function of the benthic community 
involved in degradation of the phytoplankton. Such transcriptomic signal would provide 
indications of how the benthic microbial community may remineralize a phytoplankton 
bloom-derived organic matter. Based on this preliminary analysis, we could not verify this 
hypothesis: during the spring bloom no changes in the relative activtiy of microbial clades and 
gene transcription could be detected. The relative contribution of active clades and the gene 
transcription was stable with depth and time since transcripts were likely diatom-dominated. 
Using metagenomic data, it was shown that even after the onset of the phytoplankton blooms, 
the bacterioplankton community composition changed continuously (Teeling et al., 2016). 
Although transcriptomic and metagenomic data do not reflect the same underlying 
mechanisms, results presented here indicate a much more stable community composition and 
activity. In the shallow surface sediments at HelRoads, the contribution of benthic 
microalgae-derived organic matter might add substantially to phytoplankton-derived organic 
matter. Fast transfer of photosynthetically fixed organic carbon to the microbial community 
(Middelburg et al., 2000) may provide more stable substrate concentrations and might explain 
the stable GH and CBM transcription found for three different sampling dates and two 
sediment depth layer. 
 
To conclude, our results are still based on a preliminary analysis of a complex dataset. 
Nonetheless, we showed that at shallow water depths, benthic diatoms add to the relevant 
carbon pool for the benthic microbial community during phytoplankton blooms. Within the 
scope of three months, most genus- and family-level clades are evenly active over time and 
sediment depth and no distinct temporal changes in function could be detected, potentially 
due to the dominance of photoautotrophy. This includes enzymes specifically involved in the 
degradation of organic carbon. Nevertheless, we found candidate enzymes differentiating 
carbon degradation in the plankton and benthos, potentially reflecting different carbon pools. 
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We propose that taxa of the Planctomycetia and clade OM190 are major player for the 
remineralization of complex organic matter in sandy surface sediments. 
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Abstract
Bottom waters containing dissolved organic matter (DOM), and oxygen as well as the 
bacterioplankton community percolate surface sediments. Here, we analyzed the influence of 
the interaction of the water column with surface sediments on the benthic bacterial 
community composition and activity. Three experiments (March 2014, September 2014, 
February 2015) were performed ex situ using flow through core reactors, filled with North Sea 
sediments. We showed that during percolation of the pore space by bottom waters, only 20% 
of the bacterioplankton remained in the sediment. In contrast, initial outwash of benthic cells 
tripled cell abundances in the outflowing percolating sea water. This outwash, whatsoever, 
ceased quickly resulting in comparable cell concentration in the in-flowing and out-flowing 
percolating sea water. The microbial response to inflowing sea water was assessed by oxygen 
respiration rates (μmol l-1 h-1). Respiration rates in September 2014 and February 2015 were 
65 μmol l-1 h-1 and 23 μmol l-1 h-1 when percolated with in situ sea water, 38 μmol l-1 h-1 and 
18 μmol l-1 h-1 with DOM-free artificial sea water (ASW) as well as 90 μmol l-1 h-1 and 
30 μmol l-1 h-1 with DOM-rich ASW. The benthic response to the influx of (labile) DOM was 
immediate, suggesting that the benthic community is adapted to the transient availability of 
DOM in the water column independent of the season. However, added DOM was likely not 
fully remineralized, suggesting an unidentified factor limiting benthic microbial 
remineralization. 
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Introduction
In shallow continental shelf seas, interactions of bottom water currents and sediment bed 
forms lead to pressure gradients, forcing sea water into surface sediments (Huettel et al., 
1996). Up to 70% of these sediments are sandy permeable sediments (Emery, 1968), allowing 
an advective percolation of the pore space with sea water. In the water column, organic matter 
is cycled between primary producing phytoplankton and heterotrophic bacterioplankton 
(Azam et al., 1983; Fenchel, 2008; Buchan et al., 2014; Thornton, 2014). When percolating 
the sediment pore space, the sea water supplies the benthic microbial community with organic 
matter (OM), oxygen and transports bacterioplankton into the sediment. This process is called 
benthic-pelagic-coupling. 
The majority of the organic matter reaching the sediment is remineralized (de Haas et al., 
2002). Particular in oxygenated, permeable surface sediments, the microbial turnover is quick 
(Arnosti, 1995; Kristensen et al., 1995). According to equation 1 of aerobic heterotrophic 
degradation of marine organic matter, for each mole organic carbon, 1.3 moles (di)oxygen 
(O2) are consumed, making oxygen consumption an approximate for aerobic heterotrophic 
organic carbon degradation (Torgersen and Branco, 2007; Glud, 2008): 
Eq.: 1 
(CH2O)106(NH3)16(H3PO4) + 138 O2 ? 106 CO2 + 16 HNO3 + H3PO4 + 122 H2O 
A prominent method to measure benthic-pelagic-coupling of OM in situ is the analysis of 
the benthic oxygen respiration rate (e.g. Berg et al., 2003; Janssen et al., 2005). In addition, ex
situ incubations, using sediment-packed flow through cores (FTC), have been conducted to 
study the benthic-pelagic coupling of OM under controlled conditions. These revealed that 
labile acetate, glucose, Spirulina-derived dissolved organic matter (DOM) and in situ DOM 
are remineralized (Rusch et al., 2006; Rao et al., 2007; Chipman et al., 2010; Ahmerkamp, 
2016). One of these studies showed an immediate response to dissolved organic carbon 
(DOC) addition (Rusch et al., 2006). This, however, was related to the addition of acetate and 
glucose to in situ sea water likely not resembling major carbon sources during phytoplankton 
blooms.  
Removal of bacterioplankton cells in sediments during percolation has not been studied. 
The pore water flow during percolation in surface sediments is about 27 to 170 μm s-1 (Precht 
and Huettel, 2004). With swimming speeds of up to 75 μm s-1, a temporally attached lifestyle 
and the capability to sustain anoxic periods, the bacterioplankton community could potentially 
colonize sediment grains during pore space percolation and thrive in sediments (Johansen et 
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al., 2002; Alonso and Pernthaler, 2005; Crespo et al., 2013; Milici et al., 2017). Moreover, 
permeable sediments effectively filter out particulate material (Huettel et al., 1996; Huettel 
and Rusch, 2000; Rusch and Huettel, 2000) and could thus filter out the bacterioplankton, too. 
Permanent percolation of surface sediment passes through large volumes of DOM and 
bacterioplankton. Both may have a significant impact on the community composition and 
activity of benthic microbial communities.  
We, therefore, set up experiments to I) identify and quantify the bacterioplankton that is 
retained in surface sediments during sea water percolation and II) to analyze the influence of a 
simulated phytoplankton bloom on benthic oxygen respiration rates. The experiments were 
performed ex situ under controlled conditions using sediment-filled flow through cores.
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Materials and Methods 
Sediment and bottom water sampling in the North Sea 
Samples were retrieved in March 2014 at site NOAH-B (53°59.23'N 6°52.23'E), in 
September at site NOAH-I (55°30.05'N 4°10.11'E) and in February 2015 at site NOAH-B 
(53°59.23'N 6°52.23'E). Surface sediment was retrieved from board of the research vessel 
using a box corer. Only the surface sediment (0-2 cm) was sampled, remaining sediment was 
discarded after sampling. In situ bottom water was sampled ~4 m above the sediment surface 
using a rosette water sampler or Niskin bottles. For experiments performed in February 2015, 
sediment and sea water were stored in the cold and in the dark until arrival in the lab.  
Preparation of dissolved organic matter-free artificial sea water  
Flasks for use with organic carbon-free ASW were repeatedly washed with ultra-pure 
water pH 2. Artificial sea water (ASW) was prepared with sterile-filtered (0.2 μm) ultra-pure 
water (Aquintus system, MembraPure, Berlin, Germany) as follows: 1 l of ultra-pure water 
contained 0.19 g NaHCO3, 26.37 g NaCl, 5.15 g MgCl2, 0.24 g MgSO4, 1.12 g CaCl2 and 0.72 
g KCl. Except for NaHCO3, all constituents were combusted at 450°C for 6 h to remove 
organic carbon. The final pH was adjusted to 8.0 with HCl (p. A. 25%). As organic carbon 
content is an estimate for organic matter, we will refer to as dissolved organic matter-free 
ASW (DOM-free ASW). Details on manufacturers and lot numbers can be found in 
Supplementary Table 1. 
 
Preparation of dissolved organic matter-rich artificial sea water 
Preparation for the experiment performed in September 2014: A total of 0.24 g of 
lyophilized 13C-enriched Spirulina was resuspended in ultrapure water and vortexed. The 
suspension was 0.2 μm filtered to remove particulate organic material. The filtrate containing 
DOM from Spirulina was added to 3 l of artificial sea water. The concentration of DOM was 
estimated by measuring the total dissolved organic carbon (DOC) concentration. 
Preparation for the experiment performed in February 2015: 0.89 g of lyophilized 13C-
enriched Spirulina were resuspended in 22 ml carbon-free ASW, supplemented with silica 
beads (100 μm in diameter) and vortexed to disrupt cells. In addition cell suspension was 
subjected to several freeze and thaw cycles. To remove the particulate fraction, the suspension 
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was 0.7 μm filtered with precombusted GF/F filters and added to 10 l of ASW. The 
concentration of DOC in the DOM-rich ASW preparation in February 2015 was not analyzed. 
 
Measuring total dissolved organic carbon
DOM-free ASW and DOM-rich ASW prepared in September 2014 were analyzed for total 
dissolved organic carbon. 500 ml DOM-free and 500 ml DOM-rich ASW were directly 
acidified to pH 2 using HCl (p. A. 25%) and kept at 4°C in the dark until analyzed. Of each 
sample, two technical replicates were measured. DOC was analyzed by high-temperature 
catalytic combustion (Shimadzu TOC-VCPH/CPN). In addition blanks of ultrapure water 
used for ASW preparation and washing were analyzed for DOC concentration. All material 
used during DOC analysis was either precombusted (450°C for 6 h) or extensively washed 
with ultrapure water of pH 2. 
 
Material and experimental flow through core set-up 
The material is listed in Supplementary Table 1. A more thorough description of the 
experimental set-up can be found in first-time reports by Rao and colleagues (2007) and 
Ahmerkamp (2016). The sediment was thoroughly homogenized and sieved (1,000 μm mesh 
size) to remove large particles and shell debris. The FTC were filled with sediment as 
following: The cores were submerged in a 10 l bucket filled with in situ sea water. Under 
water, sediment was carefully filled into the FTC, excluding the formation of air bubbles in 
the packed FTC. The experimental set-up consisted of the reservoir containing the sea water, 
DOM-free ASW or DOM-rich ASW. The water was enriched with oxygen by adding a fish 
tank diffuser stone supplying the water with atmospheric air. A peristaltic pump connected the 
reservoir with the flow through cores (Figure 1). After percolation, the sea water was 
collected.  
The set-up in March 2014 consisted of only one FTC that was percolated with in situ sea 
water only (Supplementary Table S2). In September 2014 the set-up consisted of a reference 
FTC (REF FTC) percolated with in situ sea water only and a DOM FTC successively 
percolated with DOM-free (phase 1) and DOM-rich ASW (phase 2, Supplementary Table 
S2). The incubation was performed at in situ temperature (17°C). In February 2015 two FTC 
were set up. The experimental set-up included three phases of a successive percolation with in
situ sea water (phase 1), DOM-free ASW (phase 2) and DOM-rich ASW (phase 3) for both 
FTC (Supplementary Table S2). The incubation was performed at in situ temperature (7°C). 
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Automated counting of CARD-FISH signals 
For quantification of hybridized cells, an automated image acquisition and cell enumeration 
system was used. The detailed description can be found elsewhere (Pernthaler et al., 2003; 
Bennke et al., 2016). In short, images were recorded using an automated stage supervised by a 
customized program written in-house. Automated focusing for each field of view was done in 
bright field mode. For fluorescent image analysis, exposure time was set manually. After 
image collection, images were manually checked for low-quality acquisitions, which were 
discarded. Automated cell enumeration was performed using the program ACMEtool2.0 
(www.technobiology.ch). Only FISH signals that also exhibited a DAPI signal were counted. 
Counts obtained with probe NON338 were subtracted from counts made with specific probes. 
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Results
DOC concentration in DOM-free and DOM-rich ASW
The DOC concentrations in the DOM-free ASW were below the limit of detection 
(5.4 μM). The measured DOC concentrations for DOM-rich ASW measured in technical 
replicates varied by nearly one order of magnitude (70 μM and 676 μM). Greatly varying 
DOC concentrations between technical replicate samples were observed repeatedly when 13C-
enriched ASW was measured (data not shown). 
 
Passage of the bacterioplankton through sandy surface sediments 
In March 2014 we experimentally tested how much of the bacterioplankton is filtered out 
of the sea water during percolation of permeable surface sediments (Supplementary Table 
S2). Of all probes applied, most cells in the sea water reservoir after 96 min were identified as 
Bacteroidetes and Rhodobacterales (41% and 23% of all Bacteria, Figure 2). The relative 
contribution of alphaproteobacterial clade SAR11 (4%) and Gammaproteobacteria (9%) to 
total Bacteria were lower. These relative cell contributions largely meet relative sequence 
contributions based on 16S rRNA gene fragment sequencing (Supplementary Figure 1). In 
addition, the 16S rRNA gene sequence analysis revealed 88% of all Rhodobacterales 
sequences to be represented by only one OTU0.97 of the Roseobacter NAC11-7 lineage. 
Absolute bacterial cell abundances were relatively stable in in-flowing sea water for the 
duration of the experiment (2.3 × 105 cells ml-1 to 2.7 × 105 cells ml-1). 
In contrast, total bacterial cells in the outflow 96 min after start of the experiment were 
3 times more abundant (7.7 × 105 bacterial cells ml-1) than in the inflow after 96 min 
(2.3 × 105 bacterial cells ml-1). Assuming a surplus outwash of 5.4 × 105 bacterial cells ml-1 
for 96 minutes at a percolation rate of 5.4 ml min-1, a total of 2.3 × 108 cells were washed out 
of the sediment in the first 96 minutes. This corresponds to less than 0.01% of the total cells 
(1.2 × 1012) in 1,196 ml of sediment in the FTC. After the first 96 min total bacterial cell 
abundances in the outflow decreased to 3.8 × 105 cells ml-1 after 260 min and 2.3 × 105 cells 
ml-1 after 410 min. Total bacterial cell abundances in the outflow after 410 min (2.2 × 105) 
were comparable to absolute abundances in the inflow (2.6 × 105). Considering a continuation 
of the initial outwash of 2.4 × 106 bacterial cells min-1 for the duration of the experiment 
(410 min), the final outwash (9.8 × 108 bacterial cells) would have accounted for less than 
0.1% of the total cells in the FTC. 
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February 2015 in a temperature controlled laboratory on the main land (Supplementary Table 
S2).  
In September 2014 one reference FTC was percolated with sea water (REF FTC) and one 
FTC was successively percolated with DOM-free ASW (phase 1) and DOM-rich ASW (phase 
2, DOM-FTC). The oxygen consumption rate is displayed over the course of the experiment 
as μmol l-1 h-1 in Figure 3A. Upon set up of the experiment, the sediment-filled FTC were not 
immediately percolated leading to a long retention time of the pore water in the FTC, 
reflected in supposedly initial high oxygen respiration rates. This pore water was replaced 
with the beginning of the experiment by percolation with in situ sea water (REF FTC) and 
DOM-free ASW (DOM FTC). For the REF FTC, the oxygen consumption rate decreased 
steadily over time (Figure 3A). At the end of the experiment (phase 2), it stabilized at 
~64 μmol l-1 h-1. The DOM-FTC was percolated with DOM-free ASW for the first 460 min 
(phase 1) and DOM-rich ASW for the remaining duration of the experiment (phase 2). The 
oxygen consumption rate in the DOM FTC during phase 1 also steadily decreased to 
~70 μmol l-1 h-1 after ~460 min of percolation. Upon percolation with DOM-rich ASW, the 
oxygen consumption rate increased steeply. In phase 2 it reached ~88 μmol l-1 h-1 after 650 
min. This equals to a 1.26 times higher oxygen respiration rate than when percolated with 
DOM-free ASW. Compared to the REF FTC percolated with in situ sea water, the final 
oxygen respiration rate in phase 2 was 1.38 times higher. It has to be noted, however, that 
steady state was likely not reached. The calculated time point for full passage of DOM-rich 
ASW (at the outlet) and the observed increase in oxygen consumption rate (measured at the 
outlet) were very similar (444 min and 460 min).  
In February 2015 two FTC (FTC 1, FTC 2) were each successively percolated with in situ 
sea water (phase 1), DOM-free ASW (phase 2) and DOM-rich ASW (phase 3). At the end of 
phase 1 the oxygen consumption rates reached 22 μmol l-1 h-1 and 27 μmol l-1 h-1 (mean 25) 
(Figure 3B). In phase 2 the oxygen respiration rates of both FTC dropped to 16 μmol l-1 h-1 
and 20 μmol l-1 h-1 (mean 18). To the end of phase 2, here named phase 2a, the respiration 
rates were higher at 20 μmol l-1 h-1 and 24 μmol l-1 h-1 (mean 22). In phase 3, the maximum 
respiration rates observed were 29 μmol l-1 h-1 and 31 μmol l-1 h-1 (mean 30). However, to the 
end of the experiment, the oxygen respiration rates started to decrease again. Final rates 
measured in phase 3 were 26 μmol l-1 h-1 and 29 μmol l-1 h-1. The calculated time points for 
full passage of percolating pore water (at the outlet) and the observed changes in oxygen 
consumption rate (measured at the outlet) between phase 1 and phase 2 were 1,532 min and 
1,596 min and between phase 2 and phase 3 were 2,493 min and 2,500 min. 
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Discussion
Influence of percolating bottom waters on the activity of the benthic community and on the 
enrichment of bacterioplankton cells in sandy surface sediments was analyzed by ex situ 
experiments mimicking an advective percolation of bottom waters through permeable surface 
sediments. The work presented here depicts an important but yet preliminary analysis. Before 
discussing the results, two technical challenges are commented on. 
 
Technical challenge 1: DOC concentrations in DOM-rich ASW 
A major problem during the analysis of the DOC concentrations in DOM-free and DOM-
rich ASW were great inconsistencies of the technical replicates. To test for the reliability of 
the total DOC analysis method, we performed triplicate DOC measurement of 12C and 13C 
glucose solutions. Measured DOC concentration of the 12C glucose solution was 10% greater 
(376 μM) than initially prepared (335 μM). In contrast, DOC concentration of the 13C glucose 
solution was 85% lower (47 μM) than initially prepared (325 μM). This is a discrimination by 
a factor of about 7. This discrimination is due to the method of the measurement of DOC. It is 
based on a full oxidation of DOC to CO2 that is subsequently measured by non-dispersive 
infrared spectroscopy based on the specific light absorption of CO2. To detect the CO2-
specific absorption and exclude the detection of other molecules, optical filters are used in the 
instrument. As 99% atom 13C labeled Spirulina was used as DOC source, the CO2 to be 
measured largely consisted of the isotopologue 13C16O2. Compared to 12C16O2 the absorption 
spectrum of 13C16O2 is shifted by 70 nm (Tohjima et al., 2009). The combination of the 
narrow optical filter in the instrument and the shift of 70 nm, a major fraction of the 13C16O2 
was not detected anymore.  
Considering two contrasting measured DOC values (70 μM and 676 μM), actual DOC 
concentrations in DOM-rich ASW in September 2014 were, therefore, likely seven times 
greater (~490 μM or ~4,522 μM). In the course of the study, we could not clarify whether the 
lower or the higher value was the correct DOC concentration. However, in situ total dissolved 
organic carbon concentrations in the North Sea water column are usually between 60 μM and 
270 μM (Sintes et al., 2010; Osterholz et al., 2016) with potential peaks of ~700 μM during 
algal blooms (Osterholz et al., 2015). Depending on the actual DOC concentrations (between 
490 μM and 4,522 μM), DOC added for this simulated phytoplankton bloom were at the 
upper range (490 μM) or unrealistically high (4,522 μM) compared to in situ algal blooms. 
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Technical challenge 2: Oxygen respiration rate pattern in February 2015 experiments 
Due to technical issues during the experimental procedure in February 2015, the FTCs 
were disconnected from the set-up twice. Consequently, the pore water was standing in the 
cores while oxygen was consumed. This is reflected in sudden peaks in oxygen respiration 
rates after reconnection to the set-up (Figure 3B). This was particularly apparent for the 
change from phase 2a. The oxygen respiration rate of ~18 μmol l-1 h-1 during phase 2 was not 
reached again in phase 2a. The DOM-rich ASW had percolated the FTC before stabilization 
on DOM-free ASW occurred. The steep increase in respiration rates, therefore, peaks at a 
very high value. The experiment was terminated before oxygen respiration normalized, as all 
three FTC had sucked in air, making a continuation of the experiment impossible.  
 
Low impact of the bacterioplankton on the benthic microbial community composition 
The bed form topography defines the horizontal flow path lengths (Chipman et al., 2010). 
In North Sea sediments, bed form lengths were between 11 cm and 30 cm (Ahmerkamp et al., 
2017). With a flow path of 18.8 cm and a pore water flow of 35 μm s-1, the experimental set-
up simulated a medium to long passage at a slow pore water flow. Our experiments showed 
that most planktonic cells were not retained in the sediment. For example, despite this long 
passage, only 20% Rhodobacterales/Roseobacter cells were retained in the sediment. Clade 
Roseobacter is common in the bacterioplankton (Buchan et al., 2005). In addition, they can 
actively switch between a free-living and attached lifestyle as shown for aggregates and 
sediments in the southern North Sea. This was particularly evident for the Roseobacter 
lineage NAC11-7 dominant in this study (Kanukollu et al., 2016). In tidal surface sediments, 
representatives of the Roseobacter even reach up to 10% of total cell counts (Lenk et al., 
2012). Despite its potential for colonization, a high proportion of cells passed through the 
sediment in our FTC set-up suggesting colonization does not play a major role during 
percolation of sandy surface sediments. Whether those cells that did not pass were trapped or 
actively colonized sediment surfaces cannot be answered.  
On the other hand, we found a strong outwash of fine material and bacterial cells from the 
FTC. As the sediment was sieved prior to transfer into the FTC, mechanical shear forces 
might have detached cells from sand grains (Meadows and Anderson, 1968; Miller, 1989). 
Subsequent percolation with an advective flow likely has washed out those cells that were 
already removed or only loosely attached (Coyte et al., 2017). The out washing of cells then 
ceased over time. This indicates that few cells are washed out of intact sediments. 
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Benthic community responded immediately to water column-derived DOM 
An increase in oxygen consumption co-occurred within the calculated breakthrough time 
of DOM-rich ASW. Accordingly, the benthic community could access the DOM in the pore 
water within a few minutes. Differences of 14 minutes (September 2014) and 7 minutes 
(February 2015) between predicted breakthrough and measured response time are within the 
inaccuracy of the methodological approach. In transition periods, such as the one described, 
different water parcels have contrasting oxygen concentrations. The mixing of differently 
concentrated pore water “parcels” occurring at the lid of the FTC, leads to the emerged curve 
behavior of the oxygen respiration rate observed in Figure 3. Whether the microbial response 
was immediate or retarded by few minutes could, therefore, not be resolved. Nevertheless, the 
immediate response was unexpected. Particular for the community in sediments retrieved in 
the winter setting (February 2015). Phytoplankton-mediated primary production is low in 
winter months, consequently, the benthic community receives less fresh and labile organic 
matter (Sintes et al., 2010). However, DOC, and thus DOM, concentrations in surface 
sediments remain at overall higher concentrations, as indicated by annual minimum values of 
500 μM in Gulf of Mexico sands, which was 1.5 times higher than highest DOC 
concentration in the water column (Chipman et al., 2012). Although most of benthic DOC 
may be recalcitrant, the permanent exposure to DOM may make the benthic community to 
maintain a basal activity. This basal activity would enable the direct response to the suddenly 
available labile material. Moreover, previous work on carbohydrate-degrading microbes 
showed that even in the absence of the substrate, specific polysaccharide utilization loci were 
nevertheless actively transcribed (Hehemann et al., 2012), allowing for an immediate 
response to the sudden influx of carbohydrates. Similarly, a denitrifying community was 
maintained in a FTC that was kept under oxic conditions for three weeks, during which the 
community was expected to have turned over at least once. Nevertheless, denitrification had 
started immediately with decreasing oxygen concentrations (Marchant et al., 2017), 
suggesting that genes encoding for denitrification enzymes were active under oxic conditions.  
Given these points, benthic bacteria may maintain an active basal cellular machinery of 
diverse metabolic pathways. This adaption would allow for an immediate response to a 
transient but frequent availability of OM in dynamic permeable surface sediments. 
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Water column-derived DOM has a significant impact on the benthic microbial activity 
In contrast to previous work, this is the only study that has used DOM-free ASW and 
DOM-rich ASW for percolation experiments. Only this allows relating benthic activity 
directly to the OM stored in the sediment or to the labile DOM added to the ASW. 
When percolated with DOM-free ASW, oxygen respiration rates still accounted for 72% of 
the one when percolated with in situ sea water as observed in the experiment performed in 
February 2015. For the incubation performed in September 2014, observed respiration rates 
did not reach steady state due to the much shorter incubation period: Comparison of oxygen 
respiration rates in phase 1 between the DOM FTC receiving DOM-free ASW and the REF 
FTC receiving in situ sea water is therefore not possible. 
Compared to DOM-free ASW as well as in situ sea water, the DOM in the DOM-rich 
ASW was much more concentrated and much more labile. This lead to an approximate 1.37 
times greater respiration rate compared to the FTC supplied with in situ sea water (September 
2014). As the experiment in February 2015 was terminated prior to completion, final 
respiration rates during percolation with DOM-rich ASW (phase 3) could not be analyzed. 
The steep increase, however, suggests a considerable higher respiration rate compared to 
during percolation with DOM-free ASW (Phase 2). 
The ongoing high respiration rate when percolated with DOM-free ASW was likely fueled 
by OM stored in the sediment. Despite low organic carbon contents in sandy sediments (0.3% 
at NOAH-I, chapter I Table S1), this is sufficient to sustain the benthic microbial community 
for months with electron donors (Rao et al., 2007). As the most labile organic matter is 
immediately degraded in sandy sediments the remaining is enriched in recalcitrant OM (de 
Haas et al., 2002; Arndt et al., 2013). Coastal sea water, however, contains more labile OM 
released by phytoplankton (Thornton, 2014). For this reason, the immediate benthic response 
to labile DOM displays the additional remineralization of fresh and labile material entering 
the sediment from the water column. Taken together, it shows that benthic clades may have 
sufficient access to OM throughout the year. Nevertheless, labile DOM from the water 
column is effectively remineralized explaining the low standing carbon stocks in permeable 
sandy sediments (Boudreau et al., 2001; Arndt et al., 2013; Huettel et al., 2014). Based on 
data presented here, it is not possible to deduce what fraction of the DOM lead to the increase 
in microbial community activity and which microorganisms were active. The observed 
activity likely represents diverse microbial processes and diverse microbial trophic strategies.  
Previous work with ex situ FTC set-ups supports findings made here. Acetate and a 
glucose-containing pseudopolymer were immediately oxidized to CO2 (Rusch et al., 2006). 
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Chipman and colleagues (2010) performed excitation-emission matrix spectroscopy analysis 
of the DOM in the inflow and outflow and suggested a consumption of protein-like OM. In 
addition to OM-respiring organisms, nitrification by ammonia-oxidizing prokaryotes is a 
significant microbial process in permeable sediments (Tait et al., 2014; Marchant et al., 2016) 
and can account for up to 20% of total oxygen consumption (Anderson and Sarmiento, 1994). 
Spirulina-derived DOM contains up to 60% proteins, a major source of ammonia (Ortega-
Calvo et al., 1993). The addition of ammonia to sea water during a parallel FTC experiment 
triggered the oxygen consumption rate comparably strong as described for DOM (personal 
observations, data not shown). Consequently, ammonia oxidation also contributes to observed 
oxygen respiration rates. DOM entering from the water column, therefore, fuels both 
organotrophic and lithotrophic clades. 
 
Unidentified limiting factor in sediments for organic matter degradation 
Considering a correction factor of seven for the discrimination during DOC measurement, 
the DOM-rich ASW in September 2014 contained either ~490 μM or ~4,522 μM labile 
organic carbon which was directly available to the benthic communities. Considering the flow 
rates (Supplementary Table 2), the consumption of 1.3 moles oxygen (O2) for degradation of 
1 mole carbon (Eq. 1), and a full remineralization of the DOM percolating the sediment, the 
oxygen respiration rates could have reached ~244 μmol l-1 h-1 to ~2,257 μmol l-1 h-1. Yet, the 
oxygen respiration rate in September 2014 did not exceed 88 μmol l-1 h-1. The DOC 
concentration in DOM-rich ASW in February 2015 was likely similarly high, as similarly 
much Spirulina was added during preparation of DOM-rich ASW. For incubations performed 
in February 2015, no plateau-like stable oxygen respiration rate was reached during 
percolation with DOM-rich ASW. However, respiration rates started to decrease again 
suggesting that potential calculated maximum oxygen respiration rates would not be reached 
either.  
The discrepancy between the theoretical oxygen respiration rate for full remineralization of 
DOM and the one observed suggests an incomplete remineralization of the DOM added. This 
observation is supported through previous reports from Chipman and colleagues (2010), who 
found only 13% of the DO13C added to be remineralized. The limitation is likely a mixture of 
several factors. As the outflowing sea water did not turn anoxic, the major limitation was 
unlikely overall oxygen supply. One important factor may be a transport limitation of solutes 
(O2 and DOM) into densely populated areas of low relief on sand grains (Chapter II). This is 
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supported by observations of a linear relationship of the pore water flow and the oxygen 
respiration rate (Ahmerkamp, 2016). 
 
With the work presented here, we shed light on the microbial ecology of benthic-pelagic-
coupling in subtidal sandy sediments. The intruding bacterioplankton has little impact on the 
benthic community. Biogeochemical cycling is therefore dominated by true benthic 
organisms. In contrast, the DOM entering from the water column feeds and therefore shapes 
the benthic community. Labile DOM from the water column is quickly respired to a level 
realistic for this in situ setting. The more recalcitrant organic matter is stored in the sediment. 
Finally, these results suggest, that the benthic community maintains a cellular machinery to 
directly access OM upon availability.  
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Abstract
Phytoplankton blooms in surface waters of the oceans are known to influence the food web 
and impact microbial as well as zooplankton communities. Numerous studies have 
investigated the fate of phytoplankton-derived organic matter in surface waters and shelf 
sediments, however, little is known about the effect of sinking algal biomass on microbial 
communities in deep-sea sediments. Here, we analyzed sediments of four regions in the 
Southern Atlantic Ocean along the Antarctic Polar Front that had different exposures to 
phytoplankton bloom derived organic matter. We investigated the microbial communities in 
these sediments using high-throughput sequencing of 16S rRNA molecules to determine 
microorganisms that were active and catalyzed reporter deposition fluorescence in situ 
hybridization to infer their abundance and distribution. The sediments along the Antarctic 
Polar Front harbored microbial communities that were highly diverse and contained microbial 
clades that seem to preferably occur in regions of high primary productivity. We showed that 
organisms affiliated with the gammaproteobacterial clade NOR5/OM60, which is known from 
surface waters and coastal sediments, thrive in the deep-sea. Benthic deep-sea NOR5 were 
abundant, diverse, distinct from pelagic NOR5 and likely specialized on the degradation of 
phytoplankton-derived organic matter, occupying a similar niche as their pelagic relatives. 
Algal detritus seemed to not only fuel the benthic microbial communities of large areas in the 
deep-sea, but also to influence communities locally, as we found a peak in Flavobacteriaceae-
related clades that also include degraders of algal biomass. The results strongly suggest that 
phytoplankton-derived organic matter was rapidly exported to the deep-sea, nourished distinct 
benthic microbial communities and seemed to be the main energy source for microbial life in 
the seafloor of vast abyssal regions along the Antarctic Polar Front. 
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General Discussion 
Continental shelves and their subtidal sandy sediments are important for global element 
cycling. Interaction of surface sediment bed forms with bottom water currents transports 
organic matter and oxygen into the surface sediments, enabling efficient aerobic microbial 
remineralization (Kristensen et al., 1995; Huettel and Rusch, 2000; de Beer et al., 2005; 
Jahnke et al., 2005). However, the microbial communities mediating such remineralization 
have received little attention. Analysis of the microbial community composition was mostly 
based on outdated low throughput methods, limiting insights into the diversity and 
phylogenetic composition of the community (Ravenschlag et al., 1999; Rusch et al., 2003; 
Hunter et al., 2006; Sørensen et al., 2007; Mills et al., 2008; Gihring et al., 2009; Chipman et 
al., 2010; Schöttner et al., 2011). Only within the time frame of this thesis, studies that had 
applied latest next-generation-sequencing based 16S rRNA gene sequencing were published. 
These gave first insights into the microbial community composition in e.g. Gulf of Mexico 
(Newton et al., 2013), English Channel (Tait et al., 2015), Irish Sea (O'Reilly et al., 2016) and 
Chinese Sea (Liu et al., 2015a) surface sediments. However, so far most studies lack a fine-
scale vertical resolution of the microbial community structure over the first few centimeters of 
surface sediment depth layers. Despite the global importance of sandy surface sediments their 
microbial community composition and structure was largely unknown prior to this thesis.  
In this thesis we studied the microbial ecology of eight subtidal sandy surface sediments by 
molecular methods (16S rRNA gene sequencing, metatranscriptome sequencing), microscopy 
(CARD-FISH, total cell counts) and incubations (flow through reactors) summarized in 
Table 1. In the following I will discuss the most important results obtained in this study 
spanning all chapters.  
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Influences of the bacterioplankton in percolating sea water on the benthic 
community
In this thesis, sediments were analyzed for their capacity to retain bacterioplankton cells 
during percolation of the pore space (Chapter IV). Only 20% of the bacterioplankton cells 
were retained and also the wash out of benthic microorganisms was rather limited. 
Communities in surface uppermost sediment depth layers (0-0.5 cm and 0-1 cm) and bottom 
waters were significantly different (R=0.92, p=0.003, Chapter I). Abundant planktonic clades 
were absent or contributed much less to the benthic community. The contribution of benthic 
clades to the bacterial community in bottom waters was more evident, particularly for 
sediments rich in fine material (medium and impermeable sediments, Chapter I). 
Bringing together the in situ relative 16S rRNA gene sequence frequencies, the in situ cell 
numbers and the bacterioplankton cell retainment allows assessing the impact of the 
bacterioplankton in percolating sea water on the benthic microbial community. Knowing the 
retainment efficiency, a calculation of theoretical bacterioplankton cell accumulation can be 
conducted: Inner shelf percolation rates in uppermost surface sediment depth layers are 
~ 105 ml m-2 d-1 (Precht and Huettel, 2004; Santos et al., 2012). Assuming 106 
bacterioplankton cells ml-1 and 20% retainment in the uppermost two centimeters, 0.2 × 1011 
bacterioplankton cells accumulate per day. Assuming 109 benthic cells ml-1, the volume of m2 
and a depth of two centimeters (2 × 104 ml), contains 2 × 1013 benthic cells. Consequently, it 
would take 1,000 days of stable percolation for the retained bacterioplankton cells to account 
for 100% of total benthic cells. This scenario is unrealistic as sediment reworking 
(Thibodeaux and Boyle, 1987; Ahmerkamp et al., 2017) regularly releases bacterioplankton 
cells back into the water column. Moreover, calculated turnover rates of benthic cells in 
permeable surface sediments of 2 to 9 days (Böer et al., 2009) also affect planktonic cells in 
the pore space, making an accumulation of bacterioplankton cells for more than 9 days 
unlikely. Only through active proliferation, the bacterioplankton could overcome the factors 
removing cells from the sediment. Findings made here, therefore, suggest that the 
bacterioplankton does not proliferate nor accumulate and thus explains the low contribution of 
bacterioplankton-derived 16S rRNA gene sequences to total bacterial sequences in surface 
sediment of this thesis and elsewhere (Gobet et al., 2012; Newton et al., 2013; Liu et al., 
2015a). 
Upon percolation of freshly packed sediment-filled flow through cores, outwash of benthic 
cells ceased quickly, likely due to the full removal of easily mobilized material and cells. 
However, in situ resuspension of fine material is a permanent process. Thus, benthic cells 
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removed from sand grains (Miller, 1989; Coyte et al., 2017) and cells that have colonized fine 
material (Jago et al., 2002) are an integral part of the bottom water community in coastal seas 
(Zinger et al., 2011; Brinkhoff et al., 2012) contributing additional metabolic capabilities to 
bottom waters (Ziervogel and Arnosti, 2009). This may be particularly the case for bottom 
waters above sediments that are rich in fine material, as observed for impermeable sites 
NOAH-H, CCP-J and medium permeable site NOAH-E in this study and reported previously 
for other fine-grained sediments in the North Sea (Brinkhoff et al., 2012).  
On the whole, the distinction between sediments and bottom waters is due to the minor 
contribution of planktonic clades to the benthic community. The bacterioplankton plays only a 
minor role in benthic element cycling. Microbial communities in surface sediments are 
therefore truly benthic, specifically adapted to the characteristic conditions in surface 
sediments. 
 
 
General Discussion  
149 
Bacterial diversity in subtidal sandy surface sediments 
Work performed in this thesis revealed a high bacterial richness in marine surface sediments, 
based on the operational taxonomic units (OTU) of 97% sequence similarity of the 16S rRNA 
gene (OTU0.97). The estimated bacterial richness was higher in impermeable sediment sites 
CCP-J and NOAH-H (Chao1: 6,774 - 10,580 OTU0.97) compared to medium permeable 
sediment sites NOAH-E and NOAH-B (Chao1: 3,283 - 3,357 OTU0.97) and highly permeable 
sediment sites CCP-D and CCP-G (Chao1: 3,242 - 3,763 OTU0.97, Chapter I). For medium 
permeable site NOAH-I estimated richness was highest (Chao1: 11,290). The bacterial 
community structure was significantly distinct for each sediment type (ANOSIM, R=0.76 - 1, 
p=0.03, Chapter I).  
In this thesis, sediment permeability was calculated based on the measured median grain size 
(Gangi, 1985). Sample preparation for grain size analysis breaks up the in situ sediment texture. 
For NOAH-I, the calculated permeability may not represent the actual in situ permeability. This 
may be due to abundant benthic microalgae at sampling site NOAH-I (Reiss et al., 2007), as 
benthic microalgae secrete polymeric carbohydrates, which can reduce the sediment 
permeability (Widdows et al., 2000). NOAH-I may, therefore, display local additional factors 
(also discussed in Chapter I) shaping the bacterial diversity and community composition and 
was, therefore, not considered in the following discussion.  
In addition to studying sediments of different permeability, I went beyond the diversity 
analysis of bulk sediments and provide a comprehensive investigation of the marine benthic 
bacterial diversity in their actual microhabitat, i.e. a sand grain (Figure 1). The bacterial 
richness at permeable site HelRoads was also high on individual sand grain level (Chao1: 5,262 
to 10,653 OTU0.97, Chapter II. This corresponds to 2,039 - 3,619 OTU0.97 when data set was 
subsampled to sequencing depth obtained in Chapter I). Each sand grain represented at least 
27% of the species found in bulk sediments.  
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The benthic bacterial diversity is frequently compared to the one in soils, both of which are 
rich (Torsvik et al., 2002; Kostka et al., 2011). The work presented here, however, revealed 
differences of the bacterial diversity in their microhabitats of marine sand grains (size: 150-
1,000 μm, Chapter II) and soil macroaggregates (size: 250-1,000 μm, Bailey et al., 2013a; 
Bailey et al., 2013b). Bacterial richness in soil macroaggregates (Chao1: 20 - 297 OTU0.97) 
was 4 to 63 times lower than in the bulk soil (Chao1: 1,252 OTU0.97). In contrast to that, 
bacterial richness on sand grains was 4 to 10 times higher on individual sand grains (Chao1: 
1,120 - 2,007 OTU0.97; identical sequencing depth to Bailey and colleagues (2013b)) than in 
soil macroaggregates. Moreover, bacterial richness on individual sand grains was comparably 
high as the bacterial richness in the bulk sediment (Chao1: 1,895 OTU0.97). These findings 
reflect distinctively different environmental conditions in sediments and soils. In soils, 
nutrients are distributed heterogeneously and cell dispersal is limited, leading to a great 
number of distinct zones of environmental conditions and thus high overall richness. Locally, 
however, the species richness is low (Bailey et al., 2013a; Bailey et al., 2013b). In contrast, in 
water-saturated marine permeable surface sediments, cell and substrate distributions are more 
equal. Consequently, marine microbial communities on individual sand grains reflected more 
than one fourth of the bacterial bulk diversity. However, as manifold environmental 
conditions are not given globally in the sediment matrix, they must occur spatiotemporally on 
individual sand grains.  
One local factor on diverse and densely populated sediment grains contributing to overall 
diverse conditions may be cell-cell interactions between microbial species of physiological 
diversity. Among manifold interactions, secretion of growth promoting factors (Bollmann et 
al., 2007; D'Onofrio et al., 2010) and exchange of genomic information (Hehemann et al., 
2012) can promote bacterial richness. In soils, interactions of cells are limited to fewer 
bacterial species. Consequently, the total number of possible microbial interactions, and thus 
specific conditions, are less prominent. Moreover, transport of solutes between cells is more 
limited due to 10-times greater distances between cells in soils than in sediments (28.9 μm vs. 
3.3 μm, Chapter II, Raynaud and Nunan, 2014). After all, cell-cell interactions in advective 
permeable sediments may, therefore, be a relevant process for bacterial diversity that so far 
has gained little attention. 
 
Organic matter cycling in sandy surface sediments  
The full benthic microbial degradation of complex organic matter (OM) requires an initial 
depolymerization (Weiss et al., 1991; Arnosti, 2004). Thereafter the degradation products are 
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available to the remaining heterotrophic microbial community. Two candidate 
depolymerizing bacterial phyla are Bacteroidetes and Planctomycetes, on which in the 
following, I will focus on. Thereafter I will discuss abundant and active taxa in permeable 
surface sediments. Finally I will suggest the functional roles of all discussed taxa in the 
degradation and cycling of OM in permeable surface sediments.  
 
Bacteroidetes
Bacteroidetes found to be abundant in surface sediments in this study mainly belonged to 
the family Flavobacteriaceae. Flavobacteriaceae are also among the most relevant degraders 
of complex OM in the water column (Kirchman, 2002; Pinhassi et al., 2004; Bowman, 2006; 
Fernández-Gómez et al., 2013; Teeling et al., 2016). As the water column and permeable 
surface sediments are tightly linked and as Bacteroidetes were regularly detected in coastal 
surface sediments around the world (Hunter et al., 2006; Chipman et al., 2010; Newton et al., 
2013; Liu et al., 2015a; Mohit et al., 2015; O'Reilly et al., 2016), we specifically looked for 
the abundance, distribution and activity of Flavobacteriaceae in surface sediments.  
We sampled subtidal sediments of 18 - 39 m water depth (CCP and NOAH sites) largely in 
September 2014 and at shallow site HelRoads (8 m) during two phases of the spring bloom in 
2016 (Table 1, Figure 2) as well as deep-sea sediments during a long phytoplankton bloom 
(Chapter V). Our results revealed benthic Flavobacteriaceae members to be different from 
those in the water column (Chapter I). Marine groups NS4, NS5, and NS2b dominated the 
Flavobacteriaceae community in the water column (60% ± 16). In contrast, dominant benthic 
clades had no close relatives in the databases or were related to Lutibacter (10% ± 7 of total 
Flavobacteriaceae 16S rRNA sequences) and Eudoraea (21% ± 18). Relative cell abundances 
of Bacteroidetes ranged between the detection limit (0.5% of total cells) and 5%. 
Interestingly, for highly permeable sites particular closely linked with the water column, 
abundances were lowest of all sediment types (?0.5% cells and 2% ± 0.9 of total sequences, 
sediment sites CCP-D and CCP-G).  
In contrast to CCP and NOAH sites (Chapter I), dominant cultured Flavobacteriaceae at 
shallow site HelRoads (Chapter II, Chapter III) were different. At HelRoads, genera 
Aquibacter, Maritimimonas and Maribacter contributed most to Flavobacteriaceae. During 
spring phytoplankton bloom phase one, these genera contributed only 0.1%, 0.08% and 0.1% 
to total bacterial 16S rRNA sequences, respectively (Chapter III). The contribution of 
Flavobacteriaceae to total bacterial 16S rRNA pool was also low (0.9% ± 0.2). After spring 
bloom phase two Aquibacter, Maritimonas and Maribacter contributed each 1% and total 
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2006; Park et al., 2010; Lee et al., 2012; Choi et al., 2013). Detected genera at site HelRoads 
grow on organic acids and mono- to oligosaccharides but partly also possess extracellular 
activities of peptidases and glycoside hydrolases enabling OM depolymerization 
(Nedashkovskaya et al., 2004; Cho et al., 2008; Park et al., 2009; Lo et al., 2013; Hameed et 
al., 2014; Jung et al., 2014; Kim et al., 2016b). In culture, these genera do not grow as unusual 
small cells (Hameed et al., 2014; Jung et al., 2014; Kim et al., 2016b) suggesting an average 
ribosomal content. Consequently, low contribution to total RNA during spring bloom phase 
one suggests their particular low abundance and/or low activity. This low activity of the 
benthic Flavobacteriaceae during a phytoplankton bloom is in contrast to the high activity of 
planktonic Flavobacteriaceae in phytoplankton blooms (Gómez-Pereira et al., 2012; 
Wemheuer et al., 2015; Teeling et al., 2016). However, greater relative contribution to total 
16S rRNA sequences after spring bloom phase two may be related to the intense bloom that 
had occurred (Figure 2). It lasted for only two weeks but supplied nearly half as much 
organic matter (~190 mg, as assessed by integrated chlorophyll-a values) as the first phase 
spring bloom phase that had lasted for ten weeks (~440 mg; Figure 2). Instead of diatoms, it 
was green algae-dominated. For the activity and community dynamics of the free-living 
bacterioplankton, bulk availability of labile material is more relevant than the dominant algal 
taxon (Teeling et al., 2016). Consequently, it was likely the strong pulse of bulk labile organic 
matter during spring bloom phase two that might have favored benthic Flavobacteriaceae, 
likely due to their quick and specific degradation of OM. However, this hypothesis is based 
on data obtained by two different methods (16S rRNA genes vs. 16S rRNA transcripts). Thus, 
a comparative analysis of both types of samples taken before and after the strong bloom 
would be required to prove this hypothesis. Although reports on benthic Flavobacteriaceae 
actively responding to phytoplankton bloom deposition are rare (Tait et al., 2015, Chapter V), 
their occurrences depict the proposed scenario at site HelRoads to be realistic. Particular the 
quick export of organic matter through fecal pellets to deep-sea sediments (Chapter V) also 
exported fresh an labile material. Likely for that reasons, benthic Flavobacteriaceae were the 
most active benthic clade, based on reverse transcribed rRNA 16S rRNA gene fragment 
sequencing. 
For planktonic Flavobacteriaceae, genomic islands of polysaccharide utilization loci 
(PULs) are described as a key feature for a distinct and specific response to available organic 
matter (Teeling et al., 2016). The presence of PULs is also a common feature of gut 
Bacteroidetes (Hemsworth et al., 2016) and of algae-attached Algibacter alginolytica (Sun et 
al., 2016). To the best of my knowledge, PULs have not yet been described for benthic 
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Bacteroidetes but it is likely that their genomes also carry these genomic islands. A set of 
PULs allows the organisms to quickly respond to available substrates and to gain high energy. 
Thus, it supports high activity and quick growth. For example, in English Channel surface 
sediments, within only 13 days a benthic Flavobacteriaceae bloom developed and collapsed 
(Tait et al., 2015). This is within the reported time frame for planktonic Flavobacteriaceae 
blooms (Teeling et al., 2016). It would also have been interesting to analyze the presence of 
PULs in this thesis. However, due to the short length of the metatranscriptomic reads 
(<230 nt) this was not possible. Furthermore limited detection of glycoside hydrolases as key 
enzymes for the depolymerization of complex OM limits the insights into the functional role 
of benthic Flavobacteriaceae during spring bloom phase one. 
 
Planctomycetes
We showed that the Planctomycetes species diversity in marine surface sediments was 
incredibly high (3,012 - 6,305 OTU0.97, Chapter I). Additionally, some of the Planctomycetes 
species were identical in the water column and in the sediments while Bacteroidetes differed. 
The most sequence-abundant Planctomycetes at CCP and NOAH sites were related to the 
class Planctomycetia (clade DDSe3017, Thermogutta/Thermostilla-relatives), clade OM190 
and Phycisphaerae (Chapter I). The Planctomycetes community composition at site 
HelRoads was different with clade DDSe3014 and Thermogutta/Thermostilla being less 
sequence-abundant and relatives of Blastopirellula and Rhodopirellula most sequence-
abundant (Chapter II). In Figure 3 the most prominent Planctomycetes for North Sea surface 
sediments are displayed and their sequence-abundances are schematically indicated.  
 
 
Gener
156 
Figure
branch
schemat
sequenc
 
 
The t
taxonom
a new 
Plancto
Blastop
similari
al Discussion
3: Phyloge
es) in subt
ically displ
es of total s
axonomy o
ic threshol
class in a 
mycetes cl
irellula be
ties of 86.5
 
netic tree i
idal sandy
ays the rela
equences. T
f Planctom
ds of 16S r
separate ph
ades (Cha
long to th
%. The ge
ndicating t
surface se
tive contri
he tree is a
ycetes requ
RNA gene 
ylum base
pter I). N
e same fam
nera Rhodo
he most pr
diments of
butions of 
dapted fro
ires a revis
similarity (
d on gene
orth Sea 
ily based
pirellula a
ominent P
 the North
16S rRNA 
m Chapter I
ion. Accord
Yarza et al
 similaritie
relatives o
 on lowes
nd Blastop
lanctomyce
 Sea. The s
gene and 1
. 
ing to the s
., 2014) Phy
s of largely
f genera R
t 16S rRN
irellula an
tes clades 
ize of the 
6S rRNA tr
uggested m
cisphaerae
 <75.0% 
hodopirell
A gene s
d clade DD
(shaded
symbols 
anscript 
inimum 
 depicts 
to other 
ula and 
equence 
Se3017 
General Discussion  
157 
shared 16S rRNA gene sequence similarities as low as 83.4% suggesting that they belong to 
separate families. With only 81.8% to 86.0% 16S rRNA gene sequence similarity to 
Rhodopirellula, Blastopirellula and clade DDSe3017, the genera Thermogutta/Thermostilla 
belong to yet another family, likely within the same order (Figure 3). Genus Planctomyces 
belongs to another separate order. Clade OM190 likely depicts an own class and harbors 
several distinct orders based on 16S rRNA gene similarities within the clade that were as low 
as 78.7%. The lowest similarity value within Phycisphaerae clade Urania-1B-19 was 89.1%, 
suggesting this being one family level clade. Within clade Pla4 lineage, similarities were as 
low as 76.0% suggesting this clade to harbor several orders. Consequently, sequence-
abundant Planctomycetes in North Sea subtidal sediments belong to various different species-
rich families of class Planctomycetia, class Phycisphaerae, the clade OM190, and clade Pla4 
lineage. Our data suggest that the taxonomy of Planctomycetes is in need of a thorough 
revision. Indeed, it has been recently suggested to divide the phylum Planctomycetes into 
10 classes, 16 orders and 43 families (Yilmaz et al., 2016). Given these points, the detected 
cell dominance and activity of Planctomycetes clades need to be assessed in the light of the 
great diversity of responsible clades. While the genera Rhodopirellula, Blastopirellula and 
clade DDSe3017 are likely key clades for OM remineralization, class level clade OM190 
requires, in the absence of cultured representatives, a more thorough assessment regarding its 
physiological potential. Targeted studies including isolation or single amplified genomes on 
benthic Planctomycetes are required. 
16S rRNA transcripts (Chapter III) and 16S rRNA gene fragment sequences from the 
identical sampling site (Chapter II) were taxonomically classified as one data set to compare 
the contribution of major benthic Planctomycetes clades. The most sequence abundant clades 
(Blastopirellula, Rhodopirellula, Planctomyces and clades OM190, Urania-1B-19 and lineage 
Pla4, Chapter II), where also the most active clades (Chapter III). Differences in sequence 
contribution of clade OM190 and Blastopirellula were noteworthy. Compared to 16S rRNA 
gene sequences, clade OM190 was much more prominently represented in the transcript 
dataset (4% vs. 0.7%) and Blastopirellula was much less prominent represented in the 
transcript dataset (1% vs. 4%, schematically depicted in Figure 3). Class level clade OM190 
is therefore also a relevant target group. However, considering the taxonomic diversity in 
clade OM190, high contribution to total rRNA may derive from phylogenetically diverse 
clades. In contrast, relatives of genera Blastopirellula and Rhodopirellula and family-level 
clade DDSe3017 are likely less diverse and are thus primary target clades of the 
Planctomycetes for future studies. 
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In this thesis, Planctomycetia was the most active heterotrophic taxon during a spring 
phytoplankton bloom (Chapter III). Moreover, Planctomycetia was most likely among the 
prominent taxa involved in polysaccharide degradation, based on its dominant contribution 
(60%) to total GH109 transcripts (Chapter III). 
Enzymes of the glycoside hydrolase family 109 are also encoded by algal surface-
associated Bacteroidetes (Bakunina et al., 2002; Liu et al., 2007; Bakunina et al., 2012; 
Bakunina et al., 2013), water column Verrucomicrobia (Martinez-Garcia et al., 2012; 
Bakunina et al., 2013; Li et al., 2016) and Planctomycetes (Kim et al., 2016a), all of which are 
known degraders of complex OM. The substrate of GH109, GalNAc, is an amino sugar 
derivative of galactose. The exact enzymatic mechanism of GH109 is largely unknown but 
similar to the one reported for glycoside hydrolases of family number 4: For binding and 
hydrolysis of the substrate, interactions with the anomeric centre and glycosidic oxygen of the 
substrate are less relevant. This allows for hydrolysis of substrates that are in either ? or ? 
anomeric configuration (Yip et al., 2007; Jongkees and Withers, 2014) and for hydrolysis of 
recalcitrant substrates that contain phosphoryl moieties (Yip and Withers, 2006). Comparable 
substrate flexibility in family GH109, would, therefore, allow cleaving GalNAc from diverse 
and recalcitrant biopolymers. In the environment, GalNAc is found as constituent of the 
bacterial lipopolysaccharides in their cell walls (Kenne and Lindberg, 1983) and as part of 
glycosylated proteins (in eukaroytes) (Brockhausen et al., 2009). Particular high protein 
content in diatoms (30-60%; de Castro Araújo and Garcia, 2005), may therefore be a relevant 
source of GalNAc. In fact, presence of GalNAc in extracellular polymeric substances (EPS, 
Sutherland, 2005; Zhang et al., 2008b) secreted by algae and bacteria is evident. Considering 
the densely colonized sand grain surfaces, EPS is an easily accessible pool of substrates in all 
sediment types. This may also explain why Planctomycetes were abundant in all sediments, 
independent of sediment permeability. 
The standard oligonucleotide probe used for Planctomycetes cell enumeration, probe 
Pla46a, targets Planctomycetia and clade OM190, in the following referred to as 
Planctomycetes. The class Phycisphaerae was quantified with a newly designed probe 
(PHYC309). Relative cell abundances of Planctomycetes ranged from 6% to 19% and 
Phycisphaerae ranged from 2% to 5% of total cells (Chapter I). They did not correlate with 
sediment permeability or season. Together with previous reports on one subtidal (using 
standard FISH: Rusch et al., 2003) and two tidal sediments (using standard FISH: Llobet-
Brossa et al., 1998; Musat et al., 2006) Planctomycetes cell quantifications on subtidal North 
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Sea sites in this thesis provide strong evidence that sandy coastal surface sediments are a 
preferential habitat for Planctomycetes and Phycisphaerae.
Conditions in the sediment seem to be very different from the ones in the water column, 
where Planctomycetes are not among the major players (Pizzetti et al., 2011; Yilmaz et al., 
2016). Like for algal, animal and marine snow surfaces where Planctomycetes thrive on 
(Delong et al., 1993; Bengtsson and Øvreås, 2010; Burke et al., 2011; Lage and Bondoso, 
2011; Kohn et al., 2016), microbial cells on sand grains grow in microbial assemblies likely 
encapsulated by extracellular polymeric substances (EPS). Planctomycetes are, therefore, 
surrounded by a pool of OM composed of EPS including rich, complex and recalcitrant 
material (Sutherland, 2005; Zhang et al., 2008a) which is available throughout the year. High 
cell numbers detected in sediments, high contribution to total rRNA level during spring bloom 
phase one and highest contribution to glycoside hydrolase family 109 suggest an important 
role of Planctomycetes in carbon cycling. In the following, I speculate on the ecological role 
of Planctomycetes. 
Members of Planctomycetes degrade large polysaccharides (Dextran, Boedeker et al., 
2017), utilize amino sugars (Schlesner, 1994; Rabus et al., 2002; Izumi et al., 2013) and 
recalcitrant sulfated algal polysaccharides (Wegner et al., 2013) as well as cope with toxic 
degradation products (Erbilgin et al., 2014). This depicts a large spectrum of substrate 
utilization capabilities. Although the mechanisms of substrate uptake of Planctomycetes are 
unknown, recent findings suggest an unspecific uptake. Microscopic observations indicate 
that pili bind substrates (up to 30 kDa in size) in the extracellular space. The substrate may 
then be transported into the cell via crateriform structures that are located in the outer 
membrane (Boedeker et al., 2017). Considering this uptake mechanism to be true, it may 
explain the dominance of Planctomycetes despite their slow growth (doubling times of 14 h to 
144 h, Rabus et al., 2002; Erbilgin et al., 2014; Pollet et al., 2014). Unspecific uptake of such 
a wide spectrum of complex and recalcitrant material seems not to be a very efficient strategy 
as it requires a basal level of expression of a diverse enzymatic machinery. However, the 
selfish periplasmatic organization allows permanent access to energy-rich substrate and would 
monopolize the use of the depolymerization products through its periplasmic release, as other 
microbes cannot access this space. In contrast to the substrate-induced operon-like PULs in 
Bacteroidetes (Kabisch et al., 2014; Xing et al., 2015), the permanent expression of enzymes 
suggested for Planctomycetes requires less organization on the genome level. Consequently, 
this strategy may explain why operon-like genome organization is a less dominant feature in 
Planctomycetes (Glöckner et al., 2003; Kim et al., 2016a). 
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Other major taxa in permeable sediments 
This thesis provides new insights into the distribution of major benthic taxa in sandy 
surface sediments. The microbial community composition in surface sediments and overlying 
bottom waters differed significantly except for the Planctomycetes (Chapter I). For the 
surface sediments, we identified microbial taxa that preferentially colonize (medium and 
highly) permeable sediments over impermeable sediments. As the focus of this thesis were 
clades involved in OM degradation, primary taxa of interest are heterotrophic taxa. Abundant 
heterotrophic taxa in permeable sediments were bacteroidetal family Saprospiraceae (0.9% - 
4% of total bacterial sequences, largely Portibacter), uncultured members of 
alphaproteobacterial Rhodospirillales (0.5% - 3%) and family Rhodospirillaceae (0.4% - 2%, 
unclassified, Pelagibius, Defluvicoccus), deltaproteobacterial clade Sh765B-TzT-29/NB1-j 
(3% - 5%) and family Sandaracinaceae (2% - 6%), acidobacterial clades Sva0725 (3% - 4%) 
and Subgroup22 (1% - 2%) as well as actinobacterial clade OM1 (3% - 5%, Chapter I). 
Together these clades contributed about two times as many sequences in permeable (21% ±2) 
than in impermeable (9% ±3) sediments. In addition, we found prominent lithotrophic taxa in 
permeable sediments. Nitrospira of the Nitrospiraceae and Nitrosoccocus of the 
Chromatiaceae were more prominent in permeable (sum of both taxa: 5.2% ±2) than in 
impermeable (1.3% ±0.3) sediments (Chapter I). In Chapter III we sequenced total rRNA 
of a medium to highly permeable sediment during a spring phytoplankton bloom. Although 
not identified as indicative for permeable sediments in Chapter I, additional relevant clades 
active in permeable sediments were identified. Those were verrucomicrobial clades DEV007 
(0.5% - 2%) and WCHB1-41 (0.6% - 2%), Sva0081 (Desulfobacteraceae, 3% - 4%), archaeal 
“Candidatus Nitrosopumilus” (1% - 2% of total rRNA) and diverse Gammaproteobacteria of 
genera Thiogranum (0.8% - 2% of total bacterial 16S rRNA) and Sedimenticola (1% - 2%) as 
well as uncultured genera of family Thiotrichaceae (2% - 3%) and family 
Woeseiaceae/JTB255 (3% - 5%). Of those clades identified as indicative for permeable 
sediments (Chapter I) not all were major taxa at site HelRoads. However, of those present 
(by 16S rRNA gene sequencing; Chapter II), all clades but clade OM1, family 
Chromatiaceae and family Sandaracinaceae were also the clades most active. Consequently, 
in the following the focus is laid on clades identified as active. 
Permeable sediments are, in contrast to impermeable sediments, particularly characterized 
by the high contribution of the microbial community to the quick turnover of OM (Bühring et 
al., 2006; Franco et al., 2010). Favorable oxygenated conditions and an adapted microbial 
community make coastal permeable sediments non-accumulating for OM (de Haas et al., 
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2002). Consequently, colonizing heterotrophic taxa are candidates for shaping the coastal 
marine carbon cycle. 
In the following, I will speculate on the involvement of active taxa in OM cycling in 
permeable sediments. Firstly, the heterotrophic community: Verrucomicrobia are ubiquitously 
found in marine sediments (Freitas et al., 2012). Clades found in this study were related to
abundant Verrucomicrobia in sediments which exhibited high hydrolysis rates of 
polysaccharides laminarin, xylan and recalcitrant sulfated chondroitin sulfate (Cardman et al., 
2014) suggesting an involvement in complex OM degradation. Saprospiraceae are found on 
macroalgal surfaces (Burke et al., 2011) and shallow permeable surface sediments (Newton et 
al., 2013) suggesting an attached lifestyle in oxic habitats. North Sea Saprospiraceae were 
related to the genus Portibacter. It exhibits an aerobic organoheterotrophic lifestyle but was 
tested negative for hydrolysis of biopolymers (Yoon et al., 2012) suggesting that it is rather an 
utilizer of low molecular weight (LMW) OM. Many Alphaproteobacteria are also described 
as utilizers of LMW-OM, such as planktonic uncultured Rhodospirillaceae that may only take 
up OM after Flavobacteriaceae made less complex LMW-OM available (Landa et al., 2013). 
Rhodospirillaceae in North Sea sediments were also largely uncultured. Others were related 
to Pelagibius and Defluvicoccus, two polyhydroxyalkanoate-forming organoheterotrophic 
genera utilizing products of depolymerization and some fermentation products (Maszenan et 
al., 2005; Choi et al., 2009). The function of clade Sh765B-TzT-29/NB1-j is unknown since 
neither cultured species nor metagenomic data are available. Uptake of Spirulina-derived 
DO13C in incubations suggests this clade to be at least mixotrophic (Gihring et al., 2009). 
Among the most closely related validly described species of acidobacterial Sva0725 is 
freshwater Holophaga foetida (80.4% to 81% 16S rRNA gene sequence similarity). It is 
capable of anaerobic degradation of methoxylated aromatic compounds (Bak et al., 1992; 
Liesack et al., 1994). Interestingly, metagenomic data on marine aerobic Acidobacteria 
suggest also the degradation of aromatic hydrocarbons, using oxygen as a strong oxidant 
(Quaiser et al., 2008). Acidobacteria may, therefore, contribute to the high turnover of less 
reactive, recalcitrant LMW-OM, characteristic for oxygenated sediments (Skoog et al., 1996; 
Komada et al., 2004; Burdige and Komada, 2015). 
Interestingly, an autotrophic community was also highly active during the spring 
phytoplankton bloom. Archaeal “Candidatus Nitrosopumilus” oxidizes ammonia under 
aerobic conditions (Könneke et al., 2005). Members of the genus Nitrospira are known as 
oxic nitrite-oxidizers, but recently have been described as ammonia-oxidizers, too (Daims et 
al., 2015; van Teeseling et al., 2015). Both taxa can grow autotrophically by fixing inorganic 
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carbon. However, as some Nitrospira species grow mixotrophically more than three times 
faster than autotrophically (Watson et al., 1986), they may in addition be directly involved in 
the degradation of OM. Active gammaproteobacterial genera Thiogranum and Sedimenticola,
family Thiothrichaceae and family Woeseiaceae/JTB255 are autotrophic sulfide-oxidizers 
(Lenk et al., 2011; Flood et al., 2015; Mori et al., 2015; Dyksma et al., 2016b; Mußmann et 
al., 2017a). Similarly to Nitrospira species some of the North Sea species may in addition 
grow mixotrophically. 
I am aware of the limited functional insights supplied to undermine the proposed 
ecological roles, in particular for the heterotrophic clades. However, having identified these 
heterotrophic clades as active, sequence abundant and some taxa as cell abundant and 
knowing the relevance of the microbial community for OM remineralization in permeable 
sediments, these clades are likely among the prominent organisms responsible for the efficient 
turnover of OM. 
 
Key roles of microbial taxa in organic matter cycling 
In Figure 4, I have summarized the postulated roles of prominent microbial taxa in 
permeable surface sediments involved in OM cycling. 
Significantly different microbial communities in the water column and the sediment likely 
also reflect differences in organic matter availability, with OM in the water being more labile 
and OM in the sediment being enriched in the recalcitrant fraction (Burdige et al., 2004; 
Komada et al., 2004). Degradation of particulate OM (POM) and high molecular weight OM 
(HMW-OM) is initialized by Planctomycetia, Phycisphaerae and, to a lesser extent, 
Verrucomicrobia. Benthic North Sea Flavobacteriaceae seem to have only limited 
capabilities to degrade macromolecules. Depolymerization and fermentation products of the 
LMW pool are for example organic acids, sugars, proteins and amino acids. These are further 
remineralized by Flavobacteriaceae, Saprospiraceae, Rhodospirillaceae and other less 
abundant diverse heterotrophic clades. Microbial degradation of OM also produces 
recalcitrant OM, enriched in aromatic and aliphatic compounds (Schmidt et al., 2009). As 
particular abundant in permeable sediments, Acidobacteria are candidates for remineralization 
of the recalcitrant OM.  
In the absence of oxygen, remineralization of organic matter is mediated through 
dissimilatory reduction of sulfur compounds by Desulfobacteraceae (Sva0081). By oxidation 
of those biogenically-formed reduced sulfur species as well as ammonia, diverse 
Gener
Gammap
accumu
of inorg
carbon b
 
Figure
microb
number
sequenc
benthic 
for Verr
sulfide-
differen
sedimen
redox c
OM, low
organic 
Flavo, F
Acidoba
Nitrosop
Sedimen
 
al Discussion
roteobact
lation of OM
anic carbo
urial rates 
4: A simpl
ial cycling
s schematic
e abundan
communiti
ucomicrob
oxidizers). 
t species 
t transport
onditions. A
 molecula
matter; Ph
lavobacter
cteria; 
umilus”; d
ticola, Thio
  
eria as wel
 degradat
n. Altogeth
in subtidal 
ified schem
 of organ
ally illustr
ces). Cell 
es, Chapter
ia, Saprosp
Different c
composition
. Light bro
bbreviatio
r weight or
yc, Phycis
iaceae; Sap
D’bacterac
iv. G’prote
thrichacea
l as “Cand
ion end pro
er, this re
oxygenated
e on the p
ic matter 
ate the cla
morphology
 I) or repor
iraceae, “
olor of be
. Physical
wn-shaded
ns: HMW-
ganic matte
phaerae; P
ro, Saprosp
eae, De
obacteria, 
e, Woeseia
idatus Nit
ducts, and 
sults in hig
 permeable
revalent su
in perme
des’ relativ
 of major
ted from li
Candidatus
nthic and p
 mixing o
 area: sche
OM, high 
r; POM, pa
lancto, Pla
iraceae; R
sulfobacte
diverse ga
ceae/JTB25
rosopumilu
fuel the sed
h turnover
 sediments
ggested fu
able surfa
e abundan
 taxa as d
terature (fo
 Nitrosopu
lanktonic F
f top cent
matic illus
molecular w
rticulate or
nctomyceti
hodo’illace
raceae; 
mmaproteo
5). 
s” and Nitr
imentary O
 of OM a
. 
nctions of
ce sedime
ces (based 
etected by
r planktoni
milus”, gam
lavobacte
imeters oc
tration of z
eight orga
ganic matte
a; Verruco
ae, Rhodos
Nitrosopum
bacterial cl
ospira pre
M pool by
nd subsequ
 major tax
nts. Depic
on relative
 CARD-FI
c commun
maproteob
riaceae ind
curs by a
one of flu
nic matter
r; DOM, d
, Verrucom
pirillaceae
, “Can
ades (Thio
163 
vent the 
 fixation 
ent low 
a in the 
ted cell 
 cell or 
SH (for 
ities and 
acterial 
icates a 
dvective 
ctuating 
; LMW-
issolved 
icrobia 
; Acido, 
didatus 
granum, 
General Conclusion and Outlook 
164 
General Conclusion and Outlook 
The research performed in this thesis has widened our understanding of the bacterial 
diversity and community structure of subtidal sandy surface sediments. The microbial 
communities were different from the water column, with Bacteroidetes being a key clade in 
the water column and Planctomycetes likely being a key clade in the sediments for organic 
matter degradation. Factors influencing the microbial ecology span distances from potential 
cell – cell interactions on sand grains over sediment permeability to solute concentrations in 
the water column. Having identified these factors as well as having identified yet neglected 
benthic clades, this thesis might prompt targeted studies on key clades to specifically identify 
cellular processes contributing to the high organic matter turnover known for sandy 
permeable surface sediments.  
Insights into the functional processes of OM degradation in this study have been limited to 
a preliminary analysis of the metatranscriptomic dataset (Chapter III) and the measurement 
of bulk respiration of the benthic community during a simulated phytoplankton bloom 
(Chapter IV). Consequently, future work shall focus on studying the exact metabolic routes 
and fluxes of organic matter cycling and the functions of suggested key clades.  
 
Targeted genomics and metagenomics 
Ultimately, the hypotheses on major taxa and their involvement in OM cycling are to be 
further developed and subsequently tested. As most sequence abundant species detected in 
this study were only distantly related to cultured representatives this requires future “-omics” 
work and isolation efforts. This, however, can now be conducted in a targeted approach, 
based on the identification of the specific key clades.  
Following clades are primary targets: Plantomycetia (Rhodopirellula-related, 
Blastopirellula-related and clade DDS3017), planctomycetal OM190 and Phycisphaerae
(Urania-1B-19), Flavobacteriaceae (diverse uncultured clades), Rhodospirillaceae 
(uncultured, Pelagibius) and acidobacterial clade Sva0725. A targeted cultivation-based 
isolation of clades with largely unknown physiologies is difficult. The random metagenomic 
sequencing of the highly complex benthic community will challenge bioinformatic assembly 
leading to incomplete metagenomic bins (Albertsen et al., 2013; Nielsen et al., 2014). 
Consequently, a wet lab based reduction of the genetic sequence diversity prior to sequencing 
is suggested. An isolation of single target cells from complex communities by single cell 
sequencing is rather low throughput (Woyke et al., 2009; Woyke et al., 2010) and culture-
General Conclusion and Outlook 
165 
dependent enrichment is even more time-intensive (Delmont et al., 2017). Therefore, a priori 
defined clades, based on high-quality phylogenetic trees, should be physically enriched using 
oligonucleotide probes and e.g. fluorescence-activated cell sorting or magnetic enabled cell 
sorting (Amann et al., 1990; Pernthaler et al., 2008; Haroon et al., 2013; Trembath-Reichert et 
al., 2016). Subsequently, single cells or enriched multiple cells are genome sequenced 
resulting in single cell genomes or pangenomes, respectively.  
To sort cells based on their capability to hydrolyze polysaccharides, incubations with 
fluorescently-labeled polysaccharides are a promising method. Binding or uptake of 
fluorescently-labeled substrate allows for fluorescence-activated cell sorting and subsequent 
genome sequencing (Martinez-Garcia et al., 2012).  
Future work on metatranscriptomic dataset 
While the key role of the bacterioplankton in OM cycling is well-studied (Azam et al., 
1983; Rinta-Kanto et al., 2012; Beier et al., 2014; Buchan et al., 2014; Teeling et al., 2016), 
relatively little is known about the functional involvement of benthic microorganisms in OM 
cycling. During spring phytoplankton blooms the bacterioplankton community composition is 
dynamic, which allows studying shifts in the functional responses of communities by 
metagenomic analysis (Teeling et al., 2012; Teeling et al., 2016). The benthic community also 
reacts to phytoplankton blooms (Ruff et al., 2014; Mohit et al., 2015; Tait et al., 2015). 
However, despite a seasonally changing activity, its’ community composition is much more 
stable and diverse than for the bacterioplankton (Böer et al., 2009; Gobet et al., 2012). 
Consequently, we sequenced total RNA to reduce the functional and sequence diversity and to 
target transcribed genes only (Chapter III). The analysis presents ongoing research and is yet 
preliminary. At the time point of writing this thesis, a comprehensive assessment of prevalent 
functions, spatiotemporal dynamics and functional roles of microbial clades would be 
premature.  
Despite the high proportion of transcripts related to photosynthesis (36% to 53%) and 
transcription and translation (6% to 10%, Chapter III), this data set is valuable. Dominance 
of photosynthesis- and housekeeping-related transcripts are intrinsic to metatranscriptomic 
datasets (Poretsky et al., 2005; Gifford et al., 2014; Thureborn et al., 2016). Nevertheless, 
with 4.5 × 106 (March_1) to 7.2 × 106 (May_deep3) mRNA reads (not considering April_1 
enriched in eukaryotic RNA) for each sampling condition (date/depth), numbers of reads 
available for analysis are in the upper range compared to 5 × 103 to 5.7 × 107 for previously 
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published datasets (Urich et al., 2014; Edgcomb et al., 2016; Militon et al., 2016; Thureborn 
et al., 2016). Consequently, the following future work is suggested: 
Metatranscriptome assembly 
Low annotation rate of short read data (average 233 nt or translated 78 AA) was a 
shortcoming of this thesis. For example, median amino acid (AA) length of hidden Markov 
models (of 144 GH families) used for annotation of glycoside hydrolases is 282 AA. 
Successful annotation of transcripts as GH required the mRNA transcript to cover at least 
30% of the HMM (93 AA). Consequently, most GH could not be detected. Future work shall 
implement a de novo metatranscriptome assembly. Initial assembly tests resulted in transcript 
lengths with a N50 value of 308 nt (102 AA), enabling much higher sensitivity for functional 
annotation.  
 
Organism-centric mapping of transcripts to reference database 
In contrast to a function-centric approach, the organism-centric approach reveals the actual 
metabolic pathways intrinsic to a distinct population (McMahon, 2015). As outlined in this 
general discussion, members of the Planctomycetes are a clade of prime importance. Due to 
the high sequence complexity of the short read metatranscriptome, an organism-centric 
analysis of the transcripts requires the mapping of transcripts onto a reference genomic dataset 
(Rinta-Kanto et al., 2012; Wemheuer et al., 2015; Delmont et al., 2017). As community 
compositions of Planctomycetes are largely identical between pelagic and benthic habitats 
(Chapter I), publically available genomic data of Planctomycetes from other habitats than 
sediments can serve as a reference (compiled in Supplementary Table S1). However, 
mapping of transcripts should preferentially be performed with genomes from identical 
sediment sites (Carvalhais et al., 2012). Consequently, the Planctomycetes genomic reference 
data set should be obtained from site HelRoads using targeted metagenomics. Mapping of the 
metatranscriptome onto the reference genomic data will then result in a partial transcriptomic 
dataset of Planctomycetes under in situ conditions. This will help to reveal the 
Planctomycetes niche on the benthic communities’ metabolic map, giving deep insights into 
the autecology of this highly abundant taxon in sandy subtidal sediments. 
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Appendix
Supplementary Table S1: Selected genomic and metagenomic data of marine 
Planctomycetia and other clades. mb: metagenomic bin; scg: single cell genome; g: genome; 
*: according to phylogenetic reconstruction of Planctomycetes (Chapter I Figure 4). 
Product ID Phylogeny Source Reference 
mb P1 Planctomycetia algae (Kim et al., 2016a) 
mb P2 Planctomycetia; Rhodopirellula algae (Kim et al., 2016a) 
mb P3 Planctomycetia algae (Kim et al., 2016a) 
mb SM23-65 Planctomycetes sediment (Baker et al., 2015) 
mb SM23-32 Planctomycetes sediment (Baker et al., 2015) 
mb SM23-25 Planctomycetes sediment (Baker et al., 2015) 
mb DG-58 Plantomycetes sediment (Baker et al., 2015) 
mb DG-23 Plantomycetes sediment (Baker et al., 2015) 
mb DG-20 Plantomycetes sediment (Baker et al., 2015) 
mb SM23-33 Plantomycetes sediment (Baker et al., 2015) 
mb SM23-30 Plantomycetes sediment (Baker et al., 2015) 
mb SM1-79 Plantomycetes sediment (Baker et al., 2015) 
mb SG8-4 Plantomycetes sediment (Baker et al., 2015) 
mb Planctomycetales bacterium 4572_13 Planctomycetia sediment (Dombrowski et al., 2017) 
mb Planctomycetales bacterium 4484_113 Planctomycetia sediment (Dombrowski et al., 2017) 
mb Planctomycetales bacterium 4484_123 Planctomycetia sediment (Dombrowski et al., 2017) 
mb Planctomycetales bacterium 71-10 Planctomycetia sediment (Dombrowski et al., 2017) 
mb bacterium BBD 1991-11 Planctomycetia water Den Uyl, P.A (…) Dick, G.J., unpublished 
scg Planctomycetes bacterium SCGC AAA282-C1 Planctomycetia water DOE JGI, unpublished 
mb bin3 Planctomycetia algae (Vollmers et al., 2017) 
mb bin4 Planctomycetia algae (Vollmers et al., 2017) 
mb bin5 Planctomycetia algae (Vollmers et al., 2017) 
mb bin6 Planctomycetia algae (Vollmers et al., 2017) 
mb bin7 Planctomycetia algae (Vollmers et al., 2017) 
mb bin8 Planctomycetia algae (Vollmers et al., 2017) 
mb Lau35 Pla3 lineage plume (Anantharaman et al., 2016) 
mb Lau36 Pla3 lineage plume (Anantharaman et al., 2016) 
mb Lau94 Planctomycetia plume (Anantharaman et al., 2016) 
mb Bin62 Planctomycetia; Blastopirellula-related* plume (Li et al., 2016) 
mb Bin102 
Planctomycetia; 
Rhodopirellula/ 
Rubpripirellula* 
plume (Li et al., 2016) 
mb Bin39 Planctomycetia; Planctomyces* plume (Li et al., 2016) 
mb Bin64 OM190* plume (Li et al., 2016) 
mb Bin53 OM190* plume (Li et al., 2016) 
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mb Bin81 Pla3 lineage* plume (Li et al., 2016) 
mb TARA_PSW_MAG_00018 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00130 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANE_MAG_00062 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANE_MAG_00081 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANW_MAG_00007 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANW_MAG_00014 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANW_MAG_00022 Planctomycetia; Planctomyces water (Delmont et al., 2017) 
mb TARA_ANW_MAG_00035 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANW_MAG_00039 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ANW_MAG_00077 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ASE_MAG_00028 Planctomycetia water (Delmont et al., 2017) 
mb TARA_ION_MAG_00007 Planctomycetia water (Delmont et al., 2017) 
mb TARA_IOS_MAG_00034 Planctomycetia water (Delmont et al., 2017) 
mb TARA_IOS_MAG_00049 Planctomycetia water (Delmont et al., 2017) 
mb TARA_MED_MAG_00126 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PON_MAG_00068 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00023 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00028 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00058 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00066 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00082 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00089 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00095 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00097 Planctomycetia;Planctomyces water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00112 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00125 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSE_MAG_00141 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00023 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00027 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00072 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00097 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00110 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00113 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00122 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00123 Planctomycetia water (Delmont et al., 2017) 
mb TARA_PSW_MAG_00127 Planctomycetia water (Delmont et al., 2017) 
mb TARA_RED_MAG_00020 Planctomycetia;Planctomyces water (Delmont et al., 2017) 
mb TARA_RED_MAG_00036 Planctomycetia;Planctomyces water (Delmont et al., 2017) 
mb TARA_RED_MAG_00050 Planctomycetia;Planctomyces water (Delmont et al., 2017) 
mb TARA_RED_MAG_00078 Planctomycetia water (Delmont et al., 2017) 
mb TARA_RED_MAG_00093 Planctomycetia water (Delmont et al., 2017) 
mb TARA_RED_MAG_00100 Planctomycetia water (Delmont et al., 2017) 
mb TARA_RED_MAG_00115 Planctomycetia water (Delmont et al., 2017) 
g Planctomycetia; Fuerstia marisgermanicae 
crustacean 
shell (Kohn et al., 2016) 
g Blastopirellula marina DSM3645 water 
(Schlesner et al., 2004), Gordon Betty 
More Foundation, direct submission 
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g 
 
Planctomyces maris 
DSM8797 water 
(Bauld and Staley, 1976), Amann, R 
(…) Venter, J. (2007) C. direct 
submission 
g Rhodopirellula baltica SH 1 water (Glöckner et al., 2003; Schlesner et al., 2004) 
g Rhodopirellula baltica  SH 28 water 
(Schlesner et al., 2004; Richter et al., 
2014a) 
g Rhodopirellula baltica  SWK 14 algae 
(Winkelmann and Harder, 2009; 
Richter et al., 2014a) 
g Rhodopirellula baltica  WH 47 sediment 
(Winkelmann and Harder, 2009; 
Richter et al., 2014a) 
g Rhodopirellula europaea  6C water 
(Winkelmann and Harder, 2009; 
Richter-Heitmann et al., 2014) 
g Rhodopirellula europaea SH398C water 
(Schlesner et al., 2004; Richter-
Heitmann et al., 2014) 
g Rhodopirellula maiorica  SM 1 sediment 
(Winkelmann and Harder, 2009; 
Richter et al., 2014b) 
g Rhodopirellula sallentina  SM 41 sediment/water
(Schlesner et al., 2004; Wegner et al., 
2014) 
g Rhodopirellula rubra.  SWK7 algae 
(Winkelmann and Harder, 2009; 
Klindworth et al., 2014a) 
g   Rhodopirellula islandica K833 water 
(Winkelmann and Harder, 2009; 
Kizina et al., 2015) 
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